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Steven J. Pfeiffer: Evaluating Cartilage Health Using Multiple Imaging Modalities in Individuals 
with Knee Osteoarthritis 
(Under the direction of Dr. Brian Pietrosimone) 
Context: Imaging modalities, such as MRI, are able to detect changes within the cartilage that 
are indicative of knee osteoarthritis progression. However, MRI is costly, has long acquisition 
times, and is difficult to assess in conjunction with movement assessments. Ultrasound (US) may 
serve as a feasible alternative to MRI, due to low-cost, portability, and short acquisition time. 
Objective: To determine the differences in US outcomes of femoral cartilage prior to and 
following a 3,000-step treadmill walking protocol in individuals with knee OA, compared to 
healthy controls. Additionally, this dissertation sought to determine the associations of US 
outcomes of femoral cartilage with T1 MRI relaxation times, as well as walking biomechanics, 
in individuals with knee OA. Methodology: Cross-sectional area (CSA) and echo-intensity (EI) 
measures of femoral cartilage were assessed prior to and following a 3,000-step treadmill 
walking protocol. Additionally, percent change scores were calculated for CSA and EI following 
the treadmill walking protocol. Walking biomechanics and T1 MRI relaxation times were 
collected for the involved limb during separate laboratory sessions. Statistical Analysis: A one-
way ANOVA was used to determine differences in US outcomes between individuals with knee 
OA and young healthy controls. Separate linear regressions were conducted to determine the 
change in R2 (∆R2) between T1 MRI relaxation times and US outcomes after accounting for 
covariates. Additionally, similar linear regressions were conducted to determine unique change 
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in R2 (∆R2) between US outcomes and walking biomechanics and accounting for covariates. 
Results: Individuals with knee OA demonstrated higher resting EI compared to healthy controls. 
Greater deformation in total and medial CSA following the treadmill walking protocol associated 
with higher T1 MRI relaxation times in individuals with knee OA. Greater peak knee flexion 
angle during walking significantly associated with greater resting EI for the total and medial 
region of femoral cartilage in individuals with knee OA. Conclusions: These results suggest that 
US can detect differences in EI measures between individuals with knee OA and young healthy 
controls. Additionally, US outcomes significantly associate with a previously established 
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 Knee osteoarthritis (OA) affects over 29 million adults in the United States annually with 
an economic burden of over $165 billion.32,100 Effective treatment strategies for knee OA can be 
difficult as there are numerous risk factors that can encompass different knee pathogeneses to 
end stage knee OA.114,115 Additionally, knee OA has been characterized as a disease of the whole 
joint, affecting numerous structures within the joint such as ligaments, subchondral bone, 
synovium, and the infrapatellar fat pad.137 These changes within the joint can lead to a wide array 
of changes in overall function, proprioception, and the onset of knee pain.137 While there are 
various joint tissue changes found in individuals with knee OA, declines in articular cartilage 
health is a hallmark sign of knee OA onset and progression.60 Articular cartilage is composed of 
a dense extracellular matrix that, along with water, contains a distribution of collagen, 
proteoglycans, as well as other noncollagenous proteins and glycoproteins that serve to maintain 
the structural integrity of articular cartilage.155 As the main purpose of cartilage is to facilitate the 
transmission of loads placed through the knee joint, preserving the homeostatic nature of the 
extracellular matrix is paramount for maintaining cartilage health and preventing knee OA 
onset.155  
Relationship between Articular Cartilage and Mechanical Loading 
 Articular cartilage has demonstrated viscoelastic properties when placed under different 
loading conditions, leading to altered responses of the cartilage to different magnitudes and rates 
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of loading.31 However, alterations in loading, whether greater or lesser, can elicit injurious 
changes in articular cartilage structure and metabolism. Previous animal research has 
demonstrated that greater mechanical loading of cartilage leads to increased shear stress101 and 
surface fissuring of the cartilage. Conversely, when lesser amounts of loading are placed upon 
the articular cartilage, increases in inflammation139 and the expression of degenerative enzymes 
(matrix metalloproteinase-3 [MMP-3])85 have been observed. While mechanical loading can 
influence the response of the articular cartilage, the composition of the articular cartilage directly 
relates to the ability of cartilage to withstand mechanical loading and, therefore, can directly 
relate to the risk of cartilage breakdown and subsequent knee OA development.  
Some of the earliest compositional changes within the cartilage, that may precede knee 
OA onset, include depletion of proteoglycans35,141,144 and a disorganization of collagen 
fibers117,171 within the extracellular matrix. These compositional changes can reduce the ability 
of the cartilage to respond to mechanical loading;88 therefore, structural changes that associate 
with knee OA development may be preceded and governed by compositional changes.36 
Additionally, assessing the resting composition of the articular cartilage, as well as testing the 
response of the articular cartilage to mechanical loading, may allow for earlier detection of 
cartilage changes associated with knee OA development. Multiple imaging modalities have 
previously been utilized to assess the composition of articular cartilage,50 along with the response 
of articular cartilage to mechanical loading, however there are limitations to these modalities in 
terms of regularly assessing articular cartilage health to detect cartilage pathologies that may 
precede knee OA onset.  
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Imaging Modalities and Knee OA 
 Radiographs are considered the gold standard for diagnosing knee OA and are capable of 
assessing overall changes to the knee joint structure.147 Specifically, clinicians utilize the 
Kellgren and Lawrence semi-quantitative scale (KL Grade) to assess specific radiographic 
features (i.e. osteophyte formation, joint space narrowing, sclerosis of the subchondral bone) of 
the joint and score the health of the knee joint.70 However, the reliance upon changes to the bony 
structure of the knee, associated with late stage changes, causes radiographs to be limited in 
detecting early changes to articular cartilage health.49 Additionally, previous research has 
demonstrated that cartilage damage will not be evident on a radiograph until the damage has 
reached an irreversible level.9,80 Therefore, imaging modalities that are capable of assessing early 
changes in cartilage health is crucial to detecting individuals who may be at risk for knee OA 
development. 
 Magnetic resonance imaging (MRI) allows for more accurate visualization of soft tissues 
that may be associated with knee OA, such as ligaments, meniscus, tendon, and articular 
cartilage.48 While MRI is considered the gold standard for assessing cartilage structure and 
composition,73 MRI has also been used to develop scoring systems, such as the Whole-Organ 
Magnetic Resonance Imaging Score (WORMS), that can provide an overall assessment of the 
knee joint.126 Furthermore, certain MRI modalities have demonstrated significant associations 
with specific components of cartilage composition. T1 MRI is a compositional imaging 
modality that examines the interaction between water and proteoglycans within the extracellular 
matrix of articular cartilage.34,35,141 This interaction is important as the hydration of 
proteoglycans are vital to maintaining the structural integrity of cartilage during loading 
conditions and the loss of proteoglycans within cartilage has been classified as one of the initial 
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cartilage compositional changes leading cartilage degradation that precedes knee OA 
onset.34,35,141 Examining this interaction, using T1, is critical for detecting early changes in 
cartilage composition, which could allow for earlier implementation for knee OA prevention 
strategies. However, MRI requires long periods of time for acquisition, is not readily available 
for regular clinical usage, and comes at great expense financially to the patient and the clinician. 
Therefore, there is a need for a different imaging modality that may allow clinicians a more 
readily available and clinically feasible option for regular assessment of cartilage health. 
Assessing Cartilage Health Using Ultrasound 
 Ultrasound is more readily available, requires a shorter acquisition time, and is much less 
expensive compared to radiographs and MRI. Ultrasound has previously been shown to be a 
valid and reliable tool for assessing cartilage thickness, a structural component of cartilage 
health.113 Additionally, ultrasound has been used to assess the composition of other soft tissue 
structures, such as skeletal muscle.135 Therefore, ultrasound may have the capacity to assess 
differences in cartilage composition as well. Additionally, ultrasound has been used to assess 
changes in cartilage thickness and cross-sectional area following physical activity, such as 
normal walking.53,55,56 The ability to measure changes in cartilage structure following normal 
walking may also provide surrogate information on the composition of the cartilage, as the 
structure of the cartilage is governed by the composition.36  
 The use of ultrasound to assess cartilage health may be very useful in populations, such 
as individuals with knee OA, that are demonstrating a decline in cartilage health. Previous 
research, using ultrasound, has demonstrated that individuals with knee OA demonstrate thinner 
and more irregular cartilage at rest compared to health controls.66 However, there is a dearth of 
information regarding the response of cartilage, in individuals with knee OA, to physical activity 
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such as normal walking. Understanding how osteoarthritic femoral cartilage responds to loading 
may be critical to the development of interventions that target components of mechanical loading 
(i.e. walking biomechanics) to elicit positive effects within the cartilage. It is also critical to 
understand the relationship between specific biomechanical targets and measures of cartilage 
health in order to more effectively recognize which biomechanical targets may have the greatest 
influence on cartilage health. 
 Statement of Purpose 
  Therefore, determining whether ultrasound may be in assessing cartilage health in 
individuals with knee OA, and comparing it to already established imaging modalities (i.e. T1 
MRI), may be the first step in establishing ultrasound as a clinically feasible tool for assessing 
structural and compositional components of cartilage health in individuals with knee OA. 
Additionally, understanding the relationship between measures of cartilage health, using 
ultrasound, and walking biomechanics will provide unique insight into the relationship between 
mechanical loading and cartilage health in individuals with knee OA. Thus, the following 
specific aims have been developed.  
Specific Aims 
Specific Aim 1 - Cartilage Ultrasound Comparison in Individuals with Knee OA and Healthy 
Controls 
 The purpose of specific aim 1 was to determine the differences in resting US 
outcomes of femoral cartilage (i.e. cross-sectional area [CSA] and echo-intensity [EI]) as 
well as percent change in CSA and EI following a 3,000-step treadmill walking protocol in 
symptomatic individuals with radiographic knee OA compared to young healthy controls. 
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 We hypothesized that individuals with symptomatic knee OA will demonstrate lesser 
resting CSA, as well as greater resting EI, compared to young healthy controls. Additionally, we 
hypothesized that individuals with symptomatic knee OA will demonstrate greater negative 
percent change in CSA, as well as greater positive percent change in EI, following a 3,000-step 
treadmill walking protocol compared to young healthy controls.   
Specific Aim 2 – Ultrasound and T1 MRI Comparison 
 The purpose of specific aim 2 was to determine the association between ultrasound 
measures of femoral cartilage health (i.e. resting CSA, resting EI, percent change in CSA, 
percent change in EI) and femoral T1ρ MRI relaxation times in the involved limb in 
individuals with symptomatic, radiographic knee OA. 
 We hypothesized the greater femoral T1 MRI relaxation times would significantly 
associate with lesser resting femoral CSA and greater resting EI. Additionally, we hypothesized 
that greater T1 MRI relaxation times would significantly associate with greater negative percent 
change in CSA and greater positive percent change in EI, following a 3,000-step treadmill 
walking protocol.  
Specific Aim 3 – Ultrasound and Walking Biomechanics 
 The purpose of specific aim 3 was to determine the associations between walking 
biomechanics (peak vertical ground reaction force [vGRF], instantaneous vGRF loading 
rate [INST-LR], peak internal knee abduction moment [KAM], peak internal knee 
extension moment [KEM], peak knee flexion angle [KFA], and knee flexion excursion 
[KFE]) and US measures of CSA and EI at rest and following a 3,000-step treadmill 
walking protocol in individuals with symptomatic knee OA. 
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 We hypothesized that greater vGRF, INST-LR, and KAM, as well as lesser KEM, KFA, 
and KFE would associate with lesser resting CSA, as well as greater resting EI, in individuals 
with symptomatic knee OA. Further, we hypothesized that greater vGRF, INST-LR, and KAM, 
as well as lesser KEM, KFA, and KFE would significantly associate with a greater negative 
percent change in CSA as well as a greater positive percent change in EI following a 3,000-step 











CHAPTER II: LITERATURE REVIEW 
 
The current literature review will cover: 1) the prevalence and progression of knee OA, 
2) techniques for diagnosing knee osteoarthritis, 3) cartilage changes contributing to knee OA 
progression, and 4) multiple imaging modalities that are used to assess cartilage health, 5) the 
use of ultrasound as a novel tool for assessing cartilage health,  6) alterations in walking 
biomechanics that are commonly observed in individuals with knee osteoarthritis, 7) and how 
these alterations may contribute to knee osteoarthritis progression. 
Knee Osteoarthritis 
Epidemiology and Progression of Knee Osteoarthritis 
Knee osteoarthritis (OA) affects 29 million adults in the United States annually with an 
economic burden of over $165 billion.32,99 Previous estimates of the lifetime risk for developing 
symptomatic knee OA demonstrate a 40% risk for men and 47% for women.115  The treatment of 
knee OA can be difficult as there are many factors that can influence an individual’s risk for 
developing knee OA and these risk factors may lead to different progression pathways to knee 
OA.114,115 Risk factors for knee OA have previously been classified as individual-specific (i.e. 
age, obesity, sex) and joint-specific (i.e. injury, activity, alignment), however it is possible that a 
varying combination of these risk factors, from both classifications, can elicit different patterns 
of knee OA progression.114,115 Additionally, while knee OA has been thought of as a disease that 
primarily affects the articular cartilage within the joint, the development of knee OA can be 
initiated by deleterious changes to multiple structures within the entire joint (i.e. ligaments, 
 
 9 
subchondral bone, synovium, infrapatellar fat pad).137 Therefore, the development of effective 
treatment strategies aimed at preventing or delaying the multitude of changes within the joint 
associated with knee OA development can be difficult.137 
Knee OA is classified as a heterogeneous disease with of population of patients that 
consist of different subgroups or phenotypes,33,76 however providing relief from simply pain and 
disability has contributed to ineffective treatment strategies for individuals with knee OA.33,124 
Unfortunately, the existence of many potential phenotypes within the knee OA population has 
resulted in the implementation of multiple interventions or combinations of interventions aimed 
at providing symptomatic relief, which can increase the likelihood of adverse health events and 
increase treatments costs.81 Additionally, a delay in effective outcomes as a result of ineffective 
treatment strategies may increase an individual’s risk of necessitating a joint replacement, which 
is the end-stage treatment for knee OA.24 While the treatment of diagnosed knee OA can be 
difficult, the majority of knee OA phenotypes are idiopathic (i.e. develop overtime with an 
unclear cause of timing of onset), which can thwart attempts at early detection during the initial 
stages of disease development. Therefore, further research is needed to improve early detection 
of changes within the joint that may precede the disease development in order to prevent OA 
onset and progression. 
Posttraumatic Knee Osteoarthritis Pathogenesis 
 While idiopathic forms of knee OA are most common, between 12 and 36% of all cases 
of knee OA are classified as post-traumatic (PTOA) as a result of a previous traumatic knee joint 
injury.15,19  The joint injury has been hypothesized to be an “inciting event” to the development 
of PTOA, which offers clinicians a unique perspective to examine the pathogenesis of 
PTOA.2,15,115,146 Approximately one-third of individuals who sustain a traumatic anterior cruciate 
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ligament (ACL) injury and undergo subsequent reconstruction (ACLR) will go on to develop 
PTOA within the first decade of injury and 50% of these individuals will develop PTOA within 
20 years of injury.97 The heightened risk for PTOA development following an ACLR makes 
these individuals a good model for assessing PTOA pathogenesis and may inform the treatment 
strategies for individuals with idiopathic knee OA.97 While the median age of idiopathic knee 
OA development is ~55 years,95 ACL injuries occur more frequently in teenagers and young 
adults, which can lead to the development of disability earlier in life and increase the number of 
years living with disability as a result of PTOA.43 As PTOA development may be accelerated 
compared to idiopathic OA, as a result of the traumatic injury, individuals at risk for PTOA may 
have a reduced amount of time for clinicians to assess the progression of the disease. Therefore, 
detection of early changes within the joint following a traumatic injury may not only inform 
strategies aimed at preventing or delaying the progression of PTOA, but it may assist in the 
development and progression of deleterious changes associated with idiopathic knee OA. 
Hallmark Sign of Knee Osteoarthritis 
 The development of knee OA, whether it be posttraumatic or idiopathic, can evoke 
injurious changes to multiple structures within the knee joint, which can result in changes to 
overall function, proprioception, and the onset of knee pain.137 While this plethora of changes 
can lead to difficulty in assessing the progression of knee OA, a decline in articular cartilage 
health has been characterized as the “hallmark sign” of knee OA.60 Therefore, understanding 
basic principles of articular cartilage anatomy and how the different constituents that maintain 





Anatomy of Articular Cartilage 
 Articular cartilage is a connective tissue that is primarily responsible for provided a 
lubricated surface of articulation within diarthrodial joints to efficiently facilitate transmission of 
loads by reducing the frictional coefficient of that joint.155 Articular cartilage is not a vascular 
tissue, nor does it contain nerves or lymphatics, which contributes to the inability of articular 
cartilage to heal and repair itself.155 Therefore, maintaining cartilage health to preserve long-term 
joint health is reliant upon sustaining its complex architecture. 
 Articular cartilage is composed of a dense extracellular matrix (ECM) that contains 
water, collagen, proteoglycans, as well as noncollagenous proteins and small amounts of 
glycoproteins (Figure 1).17,155 Similarly, chondrocytes, which are metabolically active cells that 
contribute to the maintenance of the ECM by facilitating ECM turnover, make up approximately 
2% of the total cartilage volume.1 While chondrocytes are vital to the overall health of the ECM, 
these cells possess a limited potential for replication, which contributes to the cartilage’s inability 
to heal itself.155 As chondrocytes respond to specific stimuli such as mechanical forces and 
hydrostatic pressures,17 alterations in the chemical and mechanical environment around these 




Figure 1. Diagram of the extracellular matrix of articular cartilage. Macromolecules such as 
proteoglycans (aggrecan) and collagen (Type II), along with chondrocytes, are responsible for 
maintaining the structural integrity of articular cartilage. Chen, 2006 & Sophia-Fox, 2009. 
 
Within the ECM, water plays a pivotal role in the transport and distribution of nutrients to 
chondrocytes, providing lubrication, and maintaining an osmotic pressure gradient throughout 
the ECM as the matrix is compressed.108,109,155 Together, these differing functions allow water to 
be imperative to ECM maintenance and the ability to withstand significant loads, which can be 
greater than an individual’s bodyweight.155 Collagen is the most abundant macromolecule within 
the ECM and Type II collagen makes up approximately 95% of the total collagen content.42 Type 
II collagen, as well as the numerous distinct types of collagen and polypeptide chains within the 
ECM, provide cartilage with shear and tensile properties that assist in the stabilization of the 
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matrix.155 Proteoglycans are negatively charged, heavily glycosylated protein monomers that 
consist of at least one glycosaminoglycan (GAG) covalently attached chain.93,155 Aggrecan, 
which is the most abundant proteoglycan within the ECM, possesses more than 100 GAG chains 
of chondroitin and keratin sulfate.93,155,170 Aggrecan is responsible for providing articular 
cartilage with osmotic properties that serve to retain water within the articular cartilage and allow 
the cartilage to respond to compressive loads.92 As mechanical loading is placed upon the 
articular cartilage, these negatively charged GAG’s,48 which come into close proximity to each 
other, are neutralized by cations, specifically sodium (23Na).48 This leads to increased pressure 
that influences the hydration state of the tissue and allows the mechanical response of the 
cartilage to occur.58 
The histological and biochemical changes that occur during initial cartilage degeneration 
involve a decrease in proteoglycan content, an increase in permeability to water, and a disruption 
of the collagen organization within the ECM.16,47 Due to the importance of collagen and 
proteoglycans in maintaining the functional and structural integrity of the articular cartilage, 
there have been efforts to assess changes in these macromolecules that may precede the onset of 
knee OA.18,48 Long-term preservation of healthy articular cartilage is pivotal to delay this onset 
of knee OA; therefore, monitoring articular structure and composition in order to detect initial, 
subtle changes in cartilage health is crucial for determining individuals who may be at-risk for 
development knee OA. 
Imaging Modalities and Knee OA 
Radiography as a Diagnostic Tool 
 Currently, multiple imaging modalities are used in to quantify changes to the overall 
structure of the knee joint.147 Radiographs (i.e. X-rays) are used to diagnose knee OA and to 
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determine the severity of the disease. Kellgren and Lawrence developed a semi-quantitative scale 
(KL Grade) that assess changes in bone that may relate to knee OA onset and development.70 
Specifically, this scale allows a clinician to provide a numeric value (between 0-4, Figure 2) that 
corresponds to the severity of the disease, with a 0 score indicating an absence of changes 
associated with knee OA and a 4 indicating the highest level of severity of the disease.70 Specific 
radiological features (i.e. osteophyte formation, joint space narrowing, sclerosis of the 
subchondral bone) are identified and used to score the health of the knee joint.70 While this 
method is considered to be the gold standard for diagnosing and determining the severity of knee 




Figure 2. Radiographic images (X-rays) of the progression of knee OA: KL Grade 1 (A), KL 
Grade 2 (B), KL Grade 3 (C), KL Grade 4 (D). Hayashi 2016. 
 
Limitations of X-Rays in Early Detection of Knee OA 
 In order to effectively diagnose knee OA, the use of X-rays rely on changes solely to the 
bony structure of the knee that are associated with the later stages of knee OA development.49 
Specifically, joint space narrowing, one of the major features that is quantified using X-rays and 
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a KL grade, assesses a decline in the space between the femur and tibia. This is theorized to 
provide an indication of cartilage breakdown, however X-rays are incapable to directly 
visualizing articular cartilage. Additionally, this measure can be distorted by meniscal cartilage 
lesions and meniscal extrusions.59 Similarly, previous research has demonstrated that cartilage 
damage will not be evident on an X-ray until irreversible cartilage breakdown has occurred.9,80 
Accurate diagnosis of knee OA using X-rays are highly dependent on correct positioning of the 
knee joint in the sagittal plane.173 Therefore, small variations in knee flexion angle can alter a 
clinicians ability to assess components of knee OA, such as joint space narrowing.173 These 
limitations on X-rays as a an adequate modality for early knee OA detection may contribute to 
the difficulties in developing therapeutic strategies at preventing knee OA development. 
Therefore, imaging modalities that are capable of quantifying early changes in cartilage health 
will be crucial to identifying individuals who may be at a higher risk for developing knee OA, 
which will allow for earlier treatment interventions to be implemented. 
Magnetic Resonance Imaging and Cartilage Health  
 Magnetic Resonance Imaging (MRI) is different from X-rays in that it allows for more 
accurate visualization of many tissues that may be involved in the degenerative process 
associated with knee OA, such as ligaments, meniscus, tendon, and articular cartilage.47 MRI is 
also considered to be the gold standard for non-invasively evaluating changes in cartilage 
structure and composition.73 Additionally, semi-quantitative scoring systems, similar to the KL 
Grade for X-rays, have been developed to evaluate the entire knee joint as a whole and provide 
an overall joint score for individuals with knee OA using MRI. The Whole-Organ Magnetic 
Resonance Imaging Score (WORMS) uses traditional MR images to evaluate 14 specific features 
within the knee joint (e.g. articular cartilage integrity, subarticular bone marrow abnormality, 
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subarticular cysts, subarticular bone attrition, marginal osteophytes, medial and lateral meniscal 
integrity, anterior and posterior cruciate ligament integrity, medial and lateral collateral ligament 
integrity, synovitis/effusion, intraarticular loose bodies, and periarticular cysts/bursitis) and 
provide a whole-organ assessment of the knee (Figure 3), which may be more beneficial to 
assessing the progression of knee OA rather than simply using X-rays.47,50,126 Similar to the 
WORMS, other semi-quantitative MRI assessments, such as the Knee Osteoarthritis Scoring 
System (KOSS),79 the Boston-Leeds Osteoarthritis Knee Score (BLOKS),62 and the MRI 
Osteoarthritis Knee Score (MOAKS)61 have sought to provide a whole-organ score for the joint 
in knee OA. While these scoring systems are powerful tools aimed at providing a global view of 
the different factors associated with knee OA development, they do not have a direct 
quantification method for articular cartilage structure or composition.  
Figure 3. Maximum score attainable using the Whole-Organ Magnetic Resonance Imaging 




 Multiple quantitative MRI modalities have emerged as valid tools for assessing 
components of cartilage structure and cartilage composition.73 These different modalities utilize 
specific MRI sequences that can allow researchers to analyze the certain aspects of the 
composition of the cartilage. While a decline in the overall structure of the cartilage is a hallmark 
sign of knee OA,60 some of the earliest changes in cartilage health that precede outright knee OA 
onset involve alterations in cartilage composition without explicit changes to cartilage 
structure.16,102 Altered cartilage composition may affected the water content within the articular 
cartilage,88,94,143,144 which may affect the ability of cartilage to respond to mechanical loads.88 
Therefore, utilizing quantitative MRI techniques that evaluate cartilage composition may also 
provide predictive information on how the cartilage structure may withstand mechanical loads 
placed upon it during common activities, such as walking gait.     
T1 Relaxation Times and Cartilage Health 
 In relation to MRI, relaxation refers to the process of radiofrequency (RF) excited protons 
returning to equilibrium and becoming realigned with the original longitudinal direction of the 
static main magnetic field, B0.174 Spin-lattice relaxation rate, also known as R1, refers to the rates 
at which these protons recover exponentially towards equilibrium in the B0 direction.174 The 
inverse of R1 is called spin-lattice relaxation time T1, which involves the interactions of protons 
with the surrounding environment (lattice).174 T1rho relaxation time refers to the relaxation rate, 
as a result of the previous RF, in the rotating frame. T1 relaxation time mapping involves the 
use of multiple spin lock times at a specific spin lock frequency to obtain a series of images with 
varying T1-weighted contrasts. Voxel by voxel (3D) image intensities are then fit to a mono-
exponential model to calculate voxel-wise T1 values, creating a T1 relaxation time map.  
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 T1 MRI is a compositional imaging modality the examines the interaction between 
components of the extra-cellular matrix and water molecules (lattice).34,35 This interaction is 
important for two specific reasons: 1) the hydration of proteoglycans within the ECM is 
incredibly important to the function of the articular cartilage to be able to withstand mechanical 
loads and provide an appropriate swelling response to the loading and 2) the loss of proteoglycan 
within the ECM has been classified as an initiating event during the onset of knee OA.34,35,143 
T1 MRI has been examined, in relation to proteoglycan density, in both animal and human 
cartilage. Duvvuri et al. examined the proteoglycan content within bovine cartilage discs that 
underwent a T1 MRI and found that greater dispersion of proteoglycans within the cartilage 
correlated with greater T1 relaxation times.34 Similarly, T1 relaxation times were found to be 
higher in individuals with diagnosed knee OA compared to healthy controls and possess the 
ability to distinguish between different stages of cartilage degradation (Figure 4).87,144 Therefore, 
T1 relaxation times are of great utility in detecting individuals who may be at a greater risk of 




Figure 4. T1 (left) and T2 (right) of a healthy control (upper row) and osteoarthritic individual 
(lower row). Both imaging sequences demonstrated elevated values in the OA individual. Li, 
2009. 
 
T1 MRI following ACLR 
 Individuals are at a heightened risk for developing PTOA following an ACL injury and 
reconstruction (Figure 5). These injuries typically occur in younger individuals and therefore it is 
imperative to detect the earliest of changes in cartilage health in order to reduce the risk for 
PTOA development and potential years living with disability. Therefore, T1 serves as a 
valuable tool within this population. At one-year post-ACLR, individuals demonstrated greater 
T1 relaxation times compared to their uninjured contralateral limb.159 Additionally, individuals 
with an ACLR demonstrated greater relaxation times compared to healthy controls at 2 years 
post-ACLR.157 During the initial ACL injury, large amounts of force are transmitted through the 
knee joint and this trauma commonly (80% of ACL injured knees) results in bone marrow 
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lesions. While these bone-marrow lesions resolve over time, the cartilage underlying these bone-
marrow lesions still present with elevated T1 relaxation times at one-year post-ACLR.86 These 
findings indicate that T1 MRI has the capability to assess some of the earliest changes in 
cartilage composition in populations who demonstrate an elevated risk of developing knee OA 
following a traumatic injury.   
Figure 5. T1 MRI of an anterior cruciate ligament reconstructed knee (left) and contralateral 
knee (right). Pfeiffer, 2017 
  
T2 Relaxation Time and Cartilage Health 
 While proteoglycans provide much of the compressive stiffness within cartilage as it 
respond through loading, type II collagen provides tensile and shear strength to the cartilage 
under loading conditions.143 However, in osteoarthritic cartilage, qualitative and quantitative 
changes occur to proteoglycans and collagen.16 While these changes in proteoglycans are thought 
to be one of the initiating event in changes associated with OA, it has been theorized that the 
interaction between water and proteoglycans within cartilage may be influenced by collagen 
orientation.116,171 Therefore, non-invasive modalities that can assess collagen within the cartilage, 
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of which type II collagen makes up 95%, may be able to provide insight into not only the 
integrity of the collagen architecture, but also its relationship with other macromolecules.   
Some of the earliest experiments evaluating T2 relaxation times using animal and human 
models have demonstrated a relationship between T2 relaxation times and the integrity of the 
collagen in cartilage. T2 relaxation times have been evaluated in cartilage specimens from pig 
femoral condyles,46 shoulder joints of canines,172 and bovine patellae,12 as well as human 
specimens from knee replacement surgery.107 These early studies examined T2 relaxation times 
in an attempt to explain the magic-angle effect in cartilage,143 whereby the orientation of the 
collagen fibers is related to T2 relaxation anisotropy and subsequently will affect the T2 
relaxation times.117 Due to the differences in collagen orientation at differing depths within the 
cartilage, T2 relaxation times were found to vary at differing depths in bovine cartilage, 
confirming the notion that T2 of articular cartilage is sensitive to the integrity of the collagen 
within the extracellular matrix.117,143  
T2 Relaxation Times and Knee OA 
 During the degenerative process of cartilage in relation to knee OA development, the 
framework of collagen fibers can degrade which can result in a disorganization of the ECM. 
Previous research has demonstrated that T2 relaxation times are increased in individuals with 
knee OA compared to healthy controls.87 Additionally, these values showed greater 
heterogeneity in osteoarthritic cartilage compared to healthy cartilage,87  supporting the 
hypothesis that the composition of osteoarthritic cartilage is altered not only in the content of the 
macromolecules, but in the organization of these macromolecules. Previous research has also 
indicated that T2 relaxation times showed decreases during a loading condition compared to an 
unloading condition,156 demonstrating that the biomechanical properties of cartilage in how it 
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responds to loading is related to the collagen orientation in the cartilage in individuals with knee 
OA. 
T2 Relaxation Time and PTOA 
Similar to individuals with knee OA, T2 relaxation times have been evaluated in 
individuals with an ACLR to assess changes in collagen orientation following injury. Following 
ACLR, individuals demonstrated an increase in T2 relaxation times from a baseline appointment, 
prior to surgery, to one year post-ACLR.86 Additionally, an increase in T2 relaxation times were 
observed from a 6-month follow-up appointment to one year post-ACLR, indicating that changes 
in type II collagen orientation may progress from the time of injury throughout some of the 
earliest time points post-ACLR.125 Similarly, these changes may progress to time points even 
further out from surgery as T2 values were greater in the ACLR limb, compared to a healthy 
control limb, at 2 years following ACLR.157 Similar to T1, T2 relaxation times are able to 
detect changes to the orientation of collagen fibers within the ECM of articular cartilage early in 
individuals with an ACLR. Therefore, T2 can provide clinicians, who seek to detect individuals 
at risk for idiopathic OA, with critical information on some of the early changes in type II 
collagen associated with knee OA development.   
Limitations of MRI  
 While MRI serves as a sophisticated clinical tool to assess early changes in knee cartilage 
health that may indicate OA onset, there are limitations to these modalities that may prevent their 
effectiveness. Due to a long acquisition time, and sparsity of availability, regular clinical usage 
of MRI is not feasible. Additionally, MRI usage comes at great expense financially to the patient, 
as well as with time to the clinician. Therefore, clinicians may not recommend regular MRI 
acquisition on individuals who do not self-report symptoms. However, some of the earliest 
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changes in cartilage health that may lead to OA development can occur without any coinciding 
symptoms. Therefore, a different imaging modality that can inform researchers and clinicians 
about early changes in cartilage health, that is readily available for clinical use, would serve as a 
more practical option. In terms of clinical feasibility, ultrasound may serve as a better option 
compared to MRI. 
Measuring Cartilage Composition Using Ultrasound 
 While ultrasound has not been widely examined in its efficacy in assessing cartilage 
composition, ultrasound has been used to measure composition of other soft tissues. Particularly 
in skeletal muscle, echo-intensity, measured via ultrasound, has been used to evaluate differences 
between healthy and potentially pathological tissues.103 Echo-intensity is a measure of the 
greyness of the ultrasound image during acquisition and analysis. As the sound beams travel 
from the ultrasound probe through the materials being measured, reflectivity of the sound beam 
is increased at the interface of two materials with different acoustic impedance. In skeletal 
muscle, echo-intensity demonstrates a significant increase with age and may be due to an 
infiltration of fatty and fibrous tissue within the muscle.145 Using a comparison to healthy 
muscle, echo-intensity serves as a viable measure for assessing the difference in composition 
between pathological and healthy muscle.135 Similarly, it is possible that a comparison of healthy 
and pathological cartilage may result in a difference in echo-intensity, as it is possible that the 
difference in composition of these two sets of cartilage may be a result of increase water content, 
which can be detected using echo-intensity. Therefore, we believe that a comparison of the echo-
intensity between healthy and osteoarthritic cartilage may potentially serve as a more clinically 




Measuring Cartilage Structure Using Ultrasound 
 While echo-intensity may serve as a valid measurement for assessing cartilage 
composition, further research is needed to validate echo-intensity against true, laboratory-based 
measures of cartilage composition. However, ultrasound has the capability to assess changes in 
measures of cartilage structure. Naredo et al completed a validity study during which ultrasound 
measures of cartilage thickness were compared to cadaveric specimens of anatomical knee 
cartilage (Figure 6).113 Naredo et all demonstrated high agreement (ICC = 0.732 – 0.883) 
between the ultrasound and cadaveric measures of cartilage thickness for the medial and lateral 
condyles, which further supports the use of ultrasound as a valid assessment tool for cartilage 
thickness.113 Further, MRI is considered to be the gold standard when assessing cartilage 
thickness and ultrasound measures of cartilage thickness strongly associate with MRI outcomes 
of cartilage thickness ( = 0.82).120 
 During ultrasound acquisition, the visualized cartilage represents one section of the 
cartilage with a width that is equal to the probe being placed on the peripheral knee. Therefore, it 
is possible for there to be large amounts of variance between time points when assessing changes 
in cartilage thickness. Harkey et al assessed medial femoral cartilage thickness following a 
walking and running protocol and demonstrated high intra-session reliability (ICC2,k = 0.919) for 
the acquisition protocol.54 These findings demonstrate that using ultrasound to assess changes in 





Figure 6. Ultrasonographic images of healthy (upper image) and damaged (lower image) 
femoral articular cartilage. Naredo, 2009. 
 
Assessing Changes in Cartilage Structure Following Activity  
 As mechanical load is placed on articular cartilage, compositional changes occur within 
the ECM. During compressive loading, that occurs during walking, water is propelled out of the 
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cartilage, which forces the negatively charged GAG’s to move closer in proximity to each other 
until the cations, such as sodium (23Na), restore balance within the ECM and the natural swelling 
response occurs.170 This normal response of cartilage to loading is difficult to measure at the 
cellular level, therefore it is possible that assessing changes in cartilage structure may provide 
insight into the health of the cartilage in terms of its response to loading. Similarly, during the 
initial stages of cartilage breakdown, when proteoglycan depletion and a disorganization of the 
collagen architecture occurs, there may be an increase in water content within the cartilage, 
which can decrease the cartilage’s ability to respond to loading.88 As this breakdown in cartilage 
composition occurs, and the response to loading may be altered, it can be theorized that the 
structure of articular cartilage is governed by the composition of the tissue.36 Therefore, 
assessing changes in cartilage structure following activities such as walking can provide 
information to inform the health of the cartilage structure and provide a surrogate measure of its 
composition. Additionally, we believe that to further confirm this hypothesis, we will be able to 
assess how ultrasound measures of cartilage structure, and potentially composition, associate 
with compositional MRI modalities, such as T1. This will provide greater insight into what 
information we are able to collect from these ultrasound outcome measures and how they relate 
to different components of cartilage health. 
  Previous studies have examined the structural response of articular cartilage to walking 
using a variety of imaging modalities. Liu et al91 determined, using a combination of dual 
fluoroscopes and MRI, that the cartilage of the medial femoral condyle deformed between 8 and 
23%, while the lateral compartment deformed between 7 and 16% during the stance phase of 
gait. Acutely following a walking protocol of 20 minutes, Lad et al observed a 7% change in 
anteromedial femoral thickness using MRI.83 However, the assessing cartilage deformation (i.e. a 
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change in cartilage thickness or cross-sectional area [CSA]) has not been widely examined. 
Harkey et al demonstrated a similar deformational response (7%) in medial femoral thickness 
following 30 minutes of normal walking, using ultrasound.54 Additionally, following a 45 minute 
walking protocol at self-selected walking speed, Harkey et al demonstrated a 7% change in 
medial femoral CSA and a 6% change in lateral CSA.55 While these results provide valuable 
insight into the structural response of healthy cartilage to walking, the structural response of 
cartilage in pathological populations is not well understood. 
Assessing Cartilage Structure in Pathological Populations 
 Recent evidence has emerged demonstrating that in individuals with an ACLR, the 
cartilage of the ACLR limb demonstrated significantly greater cartilage CSA and thickness 
compared to healthy, uninjured controls and the uninjured contralateral limb, using ultrasound.56 
This is hypothesized to be the result of a swelling, or possibly hypertrophic, response after 
ACLR, which may affect the long-term health of the joint.56 As these findings indicate 
differences between healthy individuals and individuals with an ACLR, who may be at an 
increased risk for developing knee OA, it is necessary to determine differences in individuals 
who are already diagnosed with radiographic knee OA compared to healthy controls with no sign 
of knee OA. Iagnocco et al demonstrated that individuals with knee OA demonstrated thinner 
cartilage with a more irregular femoral cartilage surface, using ultrasound, compared to a group 
of individuals who were confirmed to not have knee OA (Figure 7).66 However, while these 
findings demonstrate that individuals with knee OA have different cartilage compared to healthy 
individuals, what is not well understood is the difference in response to physical activity within 
this cartilage. As the progression of knee OA continues, the ECM matrix within the articular 
cartilage will continue to breakdown and the cartilage may lose its resiliency to mechanical 
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loading during activities such as walking. Therefore, we believe that a comparison of cartilage 
deformation in individuals with knee OA and young healthy individuals is a novel way to 
determine: 1) how osteoarthritic cartilage responds to what has been previously deemed a 
“cartilage stress test” and 2) what may be a “healthy” response of cartilage to walking in older 
individuals without knee OA.  
 
 
Figure 7. Ultrasonographic image of healthy (left image) and osteoarthritic (right image) knee. 
Iagnocco, 1992. 
 
 While understanding the response of femoral cartilage in  osteoarthritic knees to a 
walking protocol will provide insight into how this cartilage responds to mechanical loading in 
general, there is a dearth of information on how alterations in walking biomechanics relate to 
ultrasound outcome measures of cartilage health. Alterations in walking biomechanics, 
commonly observed in individuals with knee OA, can alter the magnitude, rate, and location of 
loading upon the cartilage of the knee, which may have an effect on the response of the cartilage 
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to the loading. 
Walking Biomechanics and Knee OA 
Alterations in Mechanical Loading During Walking: Implications for Knee OA 
 As stated throughout this literature review, the principal function of articular cartilage is 
to withstand and facilitate the transmission of loads within the knee joint.155 The complex 
structures within the ECM, the density of these structures, and the orientation of these structures 
interact to maintain the integrity of the cartilage when placed under mechanical loading, such as 
those occurring during walking. Similarly, it has been theorized that cartilage becomes 
accustomed to normal loading patterns during walking and develops a homeostatic response 
pattern to this loading.5,6 However, if even slight alterations in the biomechanical patterns of 
walking are introduced it may have drastic negative effects on the cartilage health due to the 
repetitive nature of loading during walking.6 As changes in mechanical loading are associated 
with the initiation and progression of knee OA, assessing the measures of loading during walking 
may assist in the treatment and prevention of knee OA. Additionally, determining how these 
measures of loading associated with measures of cartilage health, such as ultrasound outcome 
measures, will help determine how these mechanics may affect the pathogenesis of knee OA. 
 Peak vertical ground reaction force (vGRF) is a measure during walking that quantifies 
the overall force placed upon the body by the ground. While this measure is not a specific 
measure of loading at the knee joint, vGRF is theorized to associate with greater mechanical 
loading through the lower extremity.118 Using animal models, previous research has indicated 
that greater loading associates with increased cartilage shear stress101 and greater depletion of 
proteoglycans,14 suggesting that greater mechanical load of the knee resulted in potentially 
osteoarthritic changes, both structurally and compositionally. In individuals with knee OA, 
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previous studies have demonstrated greater bilateral vGRF compared to healthy controls, 
indicating these individuals experience grater loads through their lower extremity.89,105  With 
respect to PTOA, both excessive158 and lesser130,132,168 vGRF following ACLR has been 
associated with potentially deleterious changes within the articular cartilage, indicating that 
alterations in vGRF following a traumatic injury, either increasing or decreasing, may contribute 
to the increased risk of early cartilage breakdown. 
 While the magnitude of loading is of great importance to how gait mechanics can 
influence changes to the cartilage, alterations in the rate of loading may influence changes to 
tissues within the joint.39 Ewers et al evaluated cartilage fissuring in  rabbits and sought to assess 
how blunt impact loading of different rates influence the cartilage response.39 Similarly, Radin et 
al demonstrated that higher rates of loading in rabbits altered the viscoelastic properties of 
cartilage, resulting in changes to the subchondral bone, as a result of the cartilage being unable to 
reduce the loading through the joint.140 Individuals with knee OA have previously demonstrated 
greater vGRF loading rate compared to healthy controls, which is hypothesized to be a result for 
a lesser from the concurrent decrease in knee flexion angle at initial contact in these same 
individuals.111 Similarly, individuals with an ACLR have demonstrated increases in vGRF 
loading rate compared to healthy controls118 and the uninjured contralateral limb.10 Assessing 
both the magnitude and rate of vGRF in individuals with knee OA, and those at risk for knee OA 
development, can provide valuable information on the mechanical loading profile of these 
individuals, which can then be related to measures of the cartilage response in order to determine 
the direct relationship between these loading variables and articular cartilage. 
Medial Compartment Loading: Knee Adduction Moment 
 While vGRF is a valuable indicator of overall loading distributed through the lower 
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extremity, it is also used in the calculation of other kinetic variables, such as peak external 
adduction moment (KAM). The magnitude of mechanical distributed through the medial 
tibiofemoral compartment is approximately 2.5 times greater compared to the lateral tibiofemoral 
compartment,150 which may contribute to the increased prevalence of knee OA observed in the 
medial compartment compared to the lateral.8,161 In individuals with knee OA, KAM has 
previously been shown to associate with worse self-reported symptoms,63,74 OA severity 
measured via radiography,153 and OA progression.106 These findings highlight the significance of 
KAM, as approximately 60-80% of the compressive load at the medial tibiofemoral 
compartment is distributed by the KAM.150 As such, in order to maintain the optimal magnitude 
of load in the medial compartment compared to the lateral, to reduce potential cartilage 
compositional variations between the compartments,77 walking gait interventions may seek to 
focus on KAM as a mechanism to correct any abnormalities in loading from compartment to 
compartment. In healthy individuals, a positive relationship between KAM and a ratio of medial 
to lateral cartilage thickness was observed,77 while in adults with medial compartment knee OA, 
a negative relationship exists.4 Similarly, in older obese adults without diagnosed knee OA, yet 
may be at high risk for developing OA (i.e. age and obesity as risk factors), the positive 
relationship observed in the younger healthy individuals transitions to more closely represent the 
negative relationship observed in individuals with knee OA.4,11 Additionally, individuals with 
knee OA demonstrate greater KAM during walking compared to healthy controls.8 Taken 
together, these findings indicate that articular cartilage may develop adaptations to how it 
responds to loading prior to OA development. Therefore, addressing KAM in relation to the 
pathomechanics of knee OA is warranted, as KAM is an important mechanical factor that relates 
to clinical conditions associated with medial compartment knee OA.3  
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Sagittal Plane Kinetics and Kinematics 
 While kinetic measures of mechanical loading may serve as therapeutic targets for 
addressing changes within the joint associated with knee OA, kinematic changes may reflect 
conditions that can put the joint at risk for developing knee OA. As force is transmitted through 
the knee joint during walking, the location of contact of the tibia and femur can change with the 
knee flexion angle (KFA).3 Previous research has demonstrated that the thickest regions of 
femoral cartilage associate with KFA at initial contact in healthy individuals.78 Further, local 
variations in cartilage thickness may adapt to the amount and location of force that is distributed 
through the knee joint during the repetitive patterns of walking. These variations in cartilage 
thickness, that have been classified as morphological “fingerprints” indicating a subject-specific 
morphological adaptation pattern to normal gait, may change with the introduction of alterations 
in the location of contact during walking. Therefore, maintaining normal patterns of KFA at 
initial contact, as well as the amount of knee flexion excursion that is undergone during the gait 
cycle, is essential to maintain a healthy joint homeostasis during walking and sustaining cartilage 
health,3 as knee flexion excursion associates with peak vGRF.27 
 While sagittal plane kinematics can influence the location of contact between the femur 
and tibia during walking, the sagittal plane moment, which takes into account mechanical 
loading, can influence the total load across the entire joint.3 Previous research has demonstrated 
that the external knee flexion moment (KFM) is valuable measure in individuals with knee OA, 
as it provides a surrogate measure for muscle contraction.22,27,150 Additionally, as individuals 
with knee OA experience high amounts of pain routinely, recent studies have shown that the 
KFM is influenced by knee-joint pain related to knee OA.13,64,152 However, the KFM has been 
shown to change in response to a focused intervention, thus addressing alterations in the KFM is 
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achievable.165 The ability to address alterations in KFM in individuals with knee OA may be 
vital to maintaining long-term cartilage health, as a recent study demonstrated that decreases in a 
ratio of medial-lateral cartilage thickness over 5 years, for the femur and tibia, significantly 
associated with greater KFM during walking.22 These findings indicate that the KFM, along with 
KAM, is an important biomechanical variable to consider when developing walking gait 
interventions in individuals with knee OA.  
 We have described how there is an interaction between multiple components of 
mechanical loading and components of cartilage health that may interact to influence cartilage 
breakdown. Similarly, we have discussed how developing interventional strategies aimed at 
correcting altered biomechanics in individuals with knee OA may be critical to preserving 
cartilage health and delaying progression of osteoarthritic changes within the joint. It is 
necessary to evaluate the relationship between walking biomechanics and measures of cartilage 
composition and structure in individuals with knee OA, as this will assist in developing a profile 
of how the walking biomechanics of an osteoarthritic individual directly influences their 
cartilage. This may assist in informing clinicians as to what specific biomechanical variables 






















CHAPTER 3: EXPERIMENTAL DESIGN AND METHODS 
 
Overview: Aims 1-3 
 
 The purpose of Aims 1-3 was to determine the differences between US measures of 
femoral cartilage between individuals with symptomatic knee OA and young healthy controls, as 
well as determine the associations between US measures of femoral cartilage and T1 MRI 
relaxations times, as well as walking biomechanics, in individuals with symptomatic knee OA. 
Specifically, the purpose of Aim 1 was to determine the differences in resting US outcomes of 
femoral cartilage (i.e. cross-sectional area [CSA] and echo-intensity [EI]) as well as percent 
change in CSA and EI following a 3,000-step treadmill walking protocol in symptomatic 
individuals with radiographic knee OA compared to young healthy controls. The purpose of Aim 
2 was to determine the association between US measures of femoral cartilage (i.e. resting CSA, 
resting EI, percent change in CSA, percent change in EI) and femoral T1ρ MRI relaxation times 
in the involved limb in individuals with symptomatic knee OA. The purpose of Aim 3 was to 
determine the associations between walking biomechanics (peak vertical ground reaction force 
[vGRF], instantaneous vGRF loading rate [INST-LR], peak internal knee abduction moment 
[KAM], peak internal knee extension moment [KEM], peak knee flexion angle [KFA], and knee 
flexion excursion [KFE]) and US measures of CSA and EI at rest and following a 3,000-step 





Participants: Aim 1 – Aim 3 
For Aim 1, we included 30 individuals with symptomatic, radiographic knee OA and 33 
young healthy controls. Participants in the knee OA group included in this study were confirmed 
to have radiographically defined knee OA (Kellgren-Lawrence [K-L] grade 2-4) and were 
between the ages of 40 and 75 years old and scored greater than 21 on the WOMAC function 
sub-scale.164 We excluded individuals with knee OA if they had any of the following: body mass 
index (BMI) >35 kg/m2, previous diagnosis of a cardiovascular condition restricting them from 
exercise, knee injection within the past 2 weeks, pacemaker, neurodegenerative condition, 
rheumatoid arthritis, cancer, neural sensory dysfunction over the knee, history of lower extremity 
orthopedic surgery within the past year, traumatic knee injury in the past 6-months, history of 
total knee arthroplasty in either extremity, or required an assistive device to walk. The healthy 
control group was comprised of a convenience sample of healthy individuals between the ages if 
18 and 35 years who self-report participating in physical activity for at least 30 minutes 3 days 
per week.53,55 Additionally, participants were excluded from the healthy control group if they 
self-reported a history of lower extremity orthopedic surgery, general orthopedic conditions (i.e. 
knee OA, orthopedic implant, or lower extremity fracture within the past 12 months), or a 
ligamentous injury to the ankle, knee, or hip. For Aim 2, we included 11 individuals with 
symptomatic, radiographic knee OA with similar inclusion and exclusion criteria as with Aim 1. 
For Aim 3, we included 27 individuals with symptomatic, radiographic knee OA with identical 
inclusion and exclusion criteria as with Aim 1. 
Experimental Procedures: Aims 1-3 
 For the primary analysis of Aim 1, the entire cohort participated in a comparison-control 
design to determine differences in ultrasound outcomes between individuals with knee OA and 
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young, healthy controls. For the secondary analysis of Aim 1, we employed a repeated-measures 
design to assess intrasession reliability and precision values of US outcomes in individuals with 
symptomatic, radiographic knee OA on a subset of individuals (7 female, 2 male, 64  7.58 
years, 30.07  3.34 kg/m2). 7 of these individuals were diagnosed with bilateral OA and 
therefore both knees were used for the secondary analysis (n=14 knees). Further, the other 2 
individuals were diagnosed with knee OA in one limb, which was used for the secondary 
analysis. In total, 16 knees were included in the secondary analysis. Upon arrival to the 
laboratory, individuals from both groups completed an assessment of their habitual walking 
speed that would be used for the 3,000-step treadmill walking protocol. Participants sat on a 
plinth in a long-sit position with their knees fully extended for 45 minutes to unload the femoral 
articular cartilage and minimize effects of preceding activity on the cartilage.55 A single 
investigator performed an US assessment of the anterior femoral cartilage of the involved limb in 
a group of individuals with radiographically diagnosed knee OA and healthy controls prior to 
and immediately following a 3,000 step walking protocol on a treadmill.53 The procedures for the 





Figure 8: Study Design. For the reliability US acquisition, individuals were positioned to 130o of 
knee flexion, then repositioned to the resting position until the pre-walking acquisition occurred. 
Three US images were collected, bilaterally, at the reliability, pre-walking, and post-walking 
time points. 
 
Participants included in Aim 2 also completed a T1 MRI at the Biomedical Research 
Imaging Center within two weeks (11.4  4.38 days) of the US assessment in the first laboratory 
visit. Participants included in Aim 3 also completed a walking biomechanics assessment, during 
the same laboratory session as the US assessment.  
Walking Speed Assessment 
Prior to conducting the standardized treadmill walking protocol and ultrasound 
acquisition, habitual walking speed was determined using 2 sets of infrared timing gates spaced 
1-meter apart (TF100, TracTronix). Starting approximately 4 steps prior to the first timing gate, 
participants were instructed to walk at a “normal comfortable walking speed as if they were 
normally walking down the sidewalk.” Participants completed 5 practice walking trials prior to 
completing 5 additional walking trials, of which the speeds were averaged together and used for 
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the standardized treadmill walking protocol.53 For participants in Aim 3, the walking speed 
calculated during this assessment was also used for the walking biomechanics analysis.  
Ultrasonographic Assessment of Femoral Cartilage 
Following arrival to the laboratory, participants sat in a long-sit position on a plinth, with 
their knees fully extended, for 45 minutes in order to unload the femoral articular cartilage and 
reduce effects of preceding activity on the cartilage. Three US images of the femoral cartilage in 
the involved limb were acquired immediately following the rest period. Next, participants began 
the 3,000-step treadmill walking protocol at the previously collected habitual walking speed. For 
the healthy control group for Aim 1, participants underwent US acquisition procedures with their 
knees flexed to 140o of knee flexion as previously described.55,56,129,131 Using a modified version 
of this technique, participants from the knee OA group for Aims 1-3 laid flat on a plinth with 
their knee flexed to 130o of knee flexion, which was confirmed using a manual goniometer. The 
knee OA group was positioned to a slightly lesser knee flexion angle in order to reduce the 
potential for pain that may occur during the US acquisition. For aim 1, we performed preliminary 
testing (n=3) in our laboratory on healthy uninjured volunteers to evaluate differences in resting 
total CSA and EI, as well as the absolute change in total CSA and EI following a standardized 
3,000-step treadmill walking protocol, between 140o and 130o of knee flexion. We felt confident 
comparing knee OA and healthy groups which were collected at different joint angles as we 
found the mean differences between 140o and 130o of knee flexion for each outcome did not 
exceed previously reported minimal detectable change values in healthy individuals 
(Supplementary Table 1).129  A measuring tape was secured to the length of the plinth so that the 
position of the posterior calcaneus could be documented to allow for consistent lower limb 
positioning across the multiple image acquisitions. A LOGIQe US system (General Electric Co., 
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Boston, MA) with a 12 MHz linear probe was used to visualize the femoral articular cartilage. 
The probe was placed transversely between the medial and lateral femoral condyles superior to 
the patella and rotated in the sagittal plane to maximize the reflectivity off the cartilage.113 A 
transparent grid was placed over the screen of the US monitor to help ensure reproducibility of 
each image.53,55 The level of the most superficial femoral cartilage border at either edge of the 
image was recorded in order to ensure consistency in the rotational positioning of the US probe 
prior to and following the standardized treadmill walking protocol.55 The plinth on which the 
participants rested prior to the standardized treadmill walking protocol was positioned directly 
behind the treadmill in order to reduce the time between the conclusion of the standardized 
treadmill walking protocol and US image acquisition. All post-walking images were captured 
within 60 seconds of the conclusion of the standardized treadmill walking protocol.  
Ultrasonographic Image Processing 
All US images were analyzed using the ImageJ software (National Institutes of Health, 
Bethesda, MD) by multiple trained investigators who were blinded to the time point (i.e. pre- and 
post-walking). All investigators who analyzed the US images demonstrated high inter-rater 
reliability using intra-class correlation coefficients (ICC > 0.90).129 Femoral cartilage CSA 
(mm2) was segmented using a polygon function for each of the three images at each time point 
from which the area was calculated and averaged. Further, the total femoral cartilage CSA was 
segmented into medial and lateral regions based upon the center of the intercondylar notch, 
which corresponded with the center line on the transparency grid used during image 
acquisition.52,55,129 Femoral cartilage EI (a.u.: arbitrary unit) was calculated as the average 
greyness of the image for each pixel within each region (i.e. total, medial, and lateral).55,56 %  
 
 40 
scores were calculated for CSA and EI measures using equation 1 in order to determine the acute 
changes in each variable following the 3,000-step walking protocol (Equation 1).55  
 
Equation 1 
%  = ( [meanpost - meanpre] / meanpre ) * 100 
 
Standardized Treadmill Walking Protocol 
Participants walked on a treadmill (4Front, WOODWAY, Waukesha, WI) at their self-
selected speed for 3,000 steps while wearing a pedometer (OneTweak, Austin, TX) secured to 
the right hip in order to collect real-time step count data during the walking protocol. The 
pedometer visually displayed real-time step counts for the investigators to monitor. At the 3,000-
step count, the treadmill was paused and the participants immediately were re-positioned on the 
plinth for post-walking US acquisition. 
Magnetic Resonance Image Acquisition 
T1 MRI were acquired using a Siemens Magnetom PRISMA 3T PowerPack scanner. 
After arriving to the imaging center, participants sat for 30 minutes to unload the knee cartilage. 
We used a T1 prepared three-dimensional Fast Low Angle Shot (FLASH) with a spin-lock 
power at 500Hz, five different spin-lock durations (80, 60, 40, 20, 0 ms) and a voxel size of 
0.8mm x 0.4mm x 3mm (field of view= 288mm, slice thickness=3.0mm, repetition time (TR) = 
9.2ms, echo time (TE) = 4.6ms, averaging = 1, bandwidth= 350Hz, acquisition time range: 700-
900 seconds [depending on the number of slices], range of number of slices acquired= 28-36 
slices, 160 × 320 matrix, gap= 0mm, flip angle=10°, echo-train duration time= 443ms, phase 
encode direction of anterior/posterior).  
 
 41 
Magnetic Resonance Image Segmentation 
The articular cartilage of the medial and lateral femoral condyles was manually 
segmented using the ITK-Snap software175 on the T1 MRI image acquired during the 0 ms 
spin-lock. Previous research from our laboratory has demonstrated strong reliability for our 
manual segmentation technique for all regions of interest (ROI) (intra-rater reliability, N=8, ICC 
= 0.80-0.97; inter-segmentor reliability, N=10, ICC = 0.75-0.98).134 Following the segmentation 
of the medial and lateral femoral (MFC & LFC) condyles, the articular cartilage for each of these 
ROI was further sub-sectioned into three ROI based upon the location of the meniscus in the 
sagittal plane.130,134 The 5 ROI that were sub-sectioned represent load-bearing regions of the 
femoral condyle and included: 1) the cartilage anterior to the anterior horn of the meniscus 
(Anterior, MFC/LFC-1) 2) the cartilage overlying the anterior horn of the meniscus (Anterior-
meniscus, MFC/LFC-2); 3) the central portion of the cartilage that lies between the anterior and 
posterior horns of the meniscus (Central, MFC/LFC-3); 4) the cartilage overlying the posterior 
horn of the meniscus (Posterior-meniscus, MFC/LFC-4), and 5) the cartilage posterior to the 
posterior horn of the meniscus (Posterior, MFC/LFC-5).   
T1 MRI Relaxation Time Quantification 
Voxel by voxel T1 relaxation maps were constructed from a five-image sequence using 
a MatLab program (MatLab R2014b [8.4.0] MathWorks, Natick, MA, USA) with the following 
equation: S(TSL) = S0 exp(-TSL/T1). In this equation TSL is the duration of the spin-lock time, 
S0 is signal intensity when TSL equals zero, S corresponds to signal intensity, and T1 is the T1 
relaxation time in the rotating frame. The previous segmentation completed on the 0 ms spin-
lock time was transposed over the T1 relaxation map to determine relaxation times for each 
ROI within each condyle. A mean of the T1 relaxation times for each ROI was calculated using 
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the ITK-SNAP software.175 Higher T1 relaxation times are interpreted as lesser proteoglycan 
density within the articular cartilage.141,142,160 
Walking Biomechanics Assessment 
Walking gait kinetics and kinematics were assessed using a ten camera 3-dimensional 
motion capture software (Vicon, Nexus) and two separate force plates (40 x 60 cm, FP406010, 
Bertec Corporation, Columbus, Ohio, United States). Kinematic data was sampled at 120Hz and 
lowpass filtered at 10 Hz (4th order recursive Butterworth), while kinetic data were sampled at 
1200 Hz and low-pass filtered at 75 Hz (4th order recursive Butterworth).30 For all walking trials, 
participants wore comfortable walking shoes. Using a modified Helen Hayes marker set,67 all 
participants were outfitted with 25 retroreflective markers, along with a cluster of 3 additional 
markers secured over the sacrum as previously reported.130 A static trial was captured while the 
participant stood with arms positioned at 90 degrees of shoulder abduction to estimate the 
location of the landmarks needed to calculate joint centers. Markers placed on the medial 
epicondyles and malleoli were removed during data collection to ensure medial knee and ankle 
markers would not contact each other, or influence the usual movements of the participants 
during the walking trials. Knee and ankle joint centers were defined as the midpoint between the 
medial and lateral condyles and malleoli, respectively. The hip joint center was estimated from 
the coordinates of the L4-5, right anterior superior iliac spine (ASIS), and left ASIS markers 
using the Bell method.20 Joint angles were defined based on the position of the distal segment 
relative to the proximal segment using the Euler method with the following planes of rotational 
motion: sagittal (y-axis), frontal (x-axis), and transverse (z-axis).72 Similar to the walking speed 
analysis, individuals were instructed to walk at a “normal comfortable walking speed as if they 
were walking down the sidewalk.” Participants completed 5 practice walking trials in order to 
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allow the participants an ample amount of time to reacclimate to walking within the motion 
capture area of the laboratory. Following the practice trials, participants performed 5 test trials 
that were required to: 1) strike a single force plate with the foot of the involved limb, 2) maintain 
walking speed within ±5% of the average speed, and 3) not display any noticeable alterations to 
gait during the trial, such as a stutter-step.128 The stance phase for walking gait was defined as 
the interval from initial ground contact (vGRF > 20N) to toe-off (vGRF < 20N). All walking 
biomechanics were extracted from the first 50% of the stance phase and all data were averaged 
across the 5 trials. INST-LR calculated as the peak of the first derivative of the force-time 
curve.10 Peak vGRF (BW) and INST-LR (BW/s) were normalized to body weight.10 KAM and 
KEM were calculated using an inverse dynamics approach, normalized to the product of body 
weight and height (BW*Height), and were expressed as internal moments with greater KAM and 
KEM being expressed with more negative values. KFA was calculated referenced to the thigh 
segment coordinate system using Euler angles such that flexion represented a positive value.30,96 




Previous research has demonstrated significant differences in US measures of resting 
cartilage thickness between individuals with knee OA and healthy controls (Cohen’s d=0.922).66 
Significant differences in cartilage CSA were detected between individuals with and without an 
anterior cruciate ligament reconstruction, who are at a heightened risk of knee OA development 
(Cohen’s d= 0.64).56,97 An a priori power analysis (G*Power v3.1.9.2)41 indicated that we would 
need 60 individuals (30 with knee OA, 30 healthy controls) to determine differences with an 
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effect size with a magnitude between 0.92266 and 0.6456 (Cohen’s d = 0.75) in order to achieve 
80% power with an alpha level of 0.05. 
Aim 2 
There is limited previous research comparing US derived femoral cartilage CSA and EI 
with T1 MRI relaxation times in individuals with symptomatic knee OA. However, previous 
research demonstrated moderate associations (range: R2 = 0.24 - 0.45) between US and T1 
weighted MRI measures of cartilage thickness in healthy uninjured individuals. Therefore, we 
estimated a moderate association (R2 = 0.34) would be observed between the US outcome 
measures used in the current study and T1 MRI relaxation times in individuals with 
symptomatic knee OA. In order to achieve 80% power with a two-tailed alpha level set at 
p0.05, while also accounting for a 15% attrition rate, we estimated that 21 individuals were 
needed to participate in this study (G*Power, v3.1.9.2).41 Due to the COVID-19 global 
pandemic, our recruitment was stopped at 11 individuals. With a sample size of 11 participants, 
we estimated that statistical significance would be detectable with a moderate association (R2 = 
0.48) using the same rigorous parameters applied with the initial sample size estimation  
(G*Power, v3.1.9.2).41 
Aim 3 
Previous research demonstrated a significant association between walking biomechanics 
and US outcomes (R2 = 0.35),122 in individuals with an anterior cruciate ligament reconstruction 
(ACLR) who are at a heightened risk for OA development.98 Therefore, we estimated a similar 
moderate association would be detected between walking biomechanics and US outcome 
measures in individuals with symptomatic knee OA. We estimated that we would need 24 
individuals in order to achieve 80% power with an alpha level set at p0.05, while accounting for 
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a 15% attrition rate (G*Power, v3.1.9.2).41 
Statistical Analysis 
 Prior to primary analyses, outliers were determined using stem and leaf plots and were 
defined as any data point greater than 3 standard deviations from the mean. For Aim 1, a one-
way analysis of variance was used to determine differences in demographic outcomes between 
the knee OA group and the young, healthy control group. 
Aim 1 - Differences in Ultrasound Outcomes between Individuals with Knee OA and Young, 
Healthy Controls 
Between-groups comparisons were performed, for resting CSA and EI as well as %  in 
CSA and EI following the 3,000-step treadmill walking protocol for the total, medial, and lateral 
regions of the femoral cartilage using a one-way analysis of variance (ANOVA). Next, we 
evaluated all of the aforementioned between-group comparisons using a one-way analysis of 
covariance (ANCOVA) in order to determine whether differences in resting and %  CSA and 
EI outcomes existed between groups after accounting for covariates (i.e. BMI, age, walking 
speed). Previous research has demonstrated that individuals with higher BMI demonstrate greater 
EI, assessed using US, compared to healthy controls.123 Furthermore, age115 and alterations in 
walking speed138 are common risk factors for knee OA development. Finally, as the resting 
structure and composition of the femoral cartilage may be different in those with and without of 
knee OA,34,60,117,141,172 we explored the effect the resting value for EI and CSA as a covariate for 
ANCOVA evaluating the between group differences in %  in EI and CSA following a walking 
protocol. The a priori alpha level was set at 0.05 and all statistical analyses were performed 




Aim 1- Reliability and Precision of Ultrasonographically Assessed Femoral Cartilage 
Two-way mixed, intra-class correlation coefficients (ICC3,1) for absolute agreement were 
calculated for CSA and EI outcome measures for the total, medial, and lateral regions of the 
femoral cartilage and all ICC’s were classified as weak (<0.5), moderate (0.5-0.69), or strong 
(0.7).159 Next, the intrasession standard error of the measurement (SEM)172 was calculated 
using equation 1 and the previously calculated intrasession ICC (Equation 2). We calculated the 
minimal detectable change at the 90% confidence level (MDC90 ), corresponding 
to a z  value of 1.64. The MDC9072 was calculated to determine a threshold of the amount of 
expected change in femoral cartilage CSA or EI within a single session (Equation 3).135  
 
Equation 2 
SEM = SD * (1 – ICC) 
Equation 3 
MDC90 = 1.645 * SEM * (2) 
 
Aim 1 - Post Hoc Analyses 
Previous research131 evaluating US femoral CSA in healthy individuals stratified 
participants into groups using a CSA MDC cutoff, based on the magnitude of change following a 
standardized walking protocol. As this indicates that the response of healthy cartilage to a 
standardized walking protocol is not uniform across all individuals, it may be necessary to 
determine if the response of osteoarthritic cartilage demonstrates a similar lack of uniformity 
across all individuals. For the current study, we used a chi-square analysis in order to determine 
if there was a higher percentage of individuals who demonstrated a decrease, increase, or no 
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change in total CSA and EI in the knee OA group compared to the young healthy controls. We 
used the MDC calculated in the current study for individuals with knee OA to separate 
individuals with knee OA into groups based on whether they demonstrated a decrease, increase, 
or no change in total CSA and EI following the 3,000-step treadmill walking protocol. Further, 
we used a previously published MDC for the total (0.401 mm2),129 medial (0.512 mm2), and 
lateral (1.072 mm2)55 in order to determine young healthy individuals who demonstrated an 
increase, decrease, or no change in CSA or EI  outcomes (decrease: change < -MDC; increase: 
change > +MDC; no change: i.e. -MDC < change < +MDC). 
Aim 2 - Associations between Ultrasound Outcomes and T1 MRI Relaxation Times 
We conducted separate linear regression models to determine the amount of variance in 
the mean T1 relaxation time for each ROI (criterion variable) explained by each US outcome 
(predictor variables: resting CSA, resting EI, %  in CSA, %  in EI), respectively. Owing to the 
preliminary nature of this study and the relatively small sample size, we conducted the linear 
regression models without adjusting for any potential covariates. The strength of these 
unadjusted comparisons were determined using standardized beta () coefficients values and 
described as negligible (0.0-0.29), low (0.30-0.49), moderate (0.50-0.69), high (0.70-0.89), and 
very high (0.9-1.0).110 
Aim 2 – Post Hoc Analyses 
For primary regression analyses classified as moderate or higher (i.e.  > 0.50), we 
conducted post hoc analyses to determine the strength of the association between  predictor (US 
outcome) and criterion variables (T1 MRI relaxation times) after accounting for potential 
covariates (KL score, self-selected walking speed, patient-reported outcomes of physical 
function [WOMAC-function], age, and BMI), separately. We chose these covariates as previous 
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research has demonstrated that KL scores significantly associate with medial femoral T1 MRI 
relaxation times in individuals with knee osteoarthritis.82 Furthermore, self-selected gait speed127 
and patient-reported outcomes133 significantly associate with T1 MRI relaxations times in 
individuals with an anterior cruciate ligament reconstruction who are at risk for developing 
posttraumatic osteoarthritis.97 In individuals without osteoarthritis or knee injury, age45 and 
BMI25 significantly associate with T1 MRI relaxation times. Therefore, in order to preserve 
statistical power, we conducted individual regression models where a covariate was added to the 
model, prior to the predictor variable, to remove the variance in the criterion variable 
independently associated with that specific covariate. The change in R2 (R2) along with the 
standardized  coefficient was reported for the predictor variable after the inclusion of the 
covariate. The two-tailed level of significance was set a priori at p0.05 and all statistical 
analyses were performed using the Statistical Package for the Social Sciences (SPSS, version 21, 
IBM Corp., Somers, NY). 
Aim 3 - Associations between Ultrasound Outcomes and Walking Biomechanics 
Separate, stepwise linear regressions were performed to determine the amount of variance 
in each US outcome (i.e. resting CSA, resting EI, %  in CSA, %  in EI) explained by peak 
vGRF, INST-LR, KAM, KEM, KFA, and KFE (predictor variables), individually. Self-selected 
walking speed and KL score were entered into the regression models as covariates prior to the 
biomechanical variable of interest, as KL score significantly associates with T1 magnetic 
resonance imaging relaxation times,82 which are sensitive to changes in cartilage composition 
(i.e. proteoglycan depletion)35,142,143 and self-selected walking speed associates with US 
outcomes following a bout or normal walking. After accounting for walking speed and KL score, 
we determined the unique contribution of each predictor variable (vGRF, INST-LR, KAM, 
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KEM, KFA, and KFE) for the involved limb on the variance associated with each US outcome of 
interest (resting CSA, resting EI, %  in CSA, %  in EI) for each region of the femoral 
cartilage.  
Aim 3 – Post Hoc Analysis 
Previous research131 evaluating US femoral CSA in healthy individuals stratified 
participants, based on the magnitude of change following a standardized walking protocol, after 
discovering that certain participants demonstrated a negative %  in CSA following the 
standardized treadmill walking protocol, while others did not.  Further, previous research from 
our lab (Manuscript 1) calculated MDC values for total CSA (1.418 mm2) in individuals with 
knee OA to determine the amount of articular cartilage deformation that may be expected due to 
measurement error. Using this criterion, we stratified our entire cohort into two groups based on 
this previous MDC. The first group, classified as decreasers, was defined as individuals who 
demonstrated a decrease in total CSA ≥ 1.418 mm2 following the standardized treadmill walking 
protocol. The second group, classified as increasers, was defined as individuals who 
demonstrated an increase in total CSA ≥ 1.418 mm2 following the standardized treadmill walking 
protocol. Twenty five of the 27 participants in this study were stratified into either the decreaser 
or increaser group; however, 2 participants demonstrated a change in total CSA following the 
standardized treadmill walking protocol that did not exceed the previously calculated MDC in 
either direction. Therefore, those 2 participants were excluded from the post hoc analyses. 
First, independent t-tests were used to determine differences in demographics and 
walking biomechanics between the Decreaser and Increaser groups. Next, we performed similar 
stepwise linear regressions for the Decreasers and Increasers, separately, to determine the 
amount of variance in each US outcome (i.e. resting CSA, resting EI, %  in CSA, %  in EI) 
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explained by peak vGRF, INST-LR, KAM, KEM, KFA, and KFE (predictor variables), 
individually, after accounting for walking speed and KL score. The two-tailed level of 
significance was set a priori at p≤0.05 and all analyses were performed using the Statistical 












































CHAPTER 4: RESULTS 
Specific Aim 1 
 The purpose of specific aim 1 was to determine the differences in resting US outcomes of 
femoral cartilage (i.e. cross-sectional area [CSA] and echo-intensity [EI]) as well as percent 
change in CSA and EI following a 3,000-step treadmill walking protocol in symptomatic 
individuals with radiographic knee OA compared to young healthy controls. 
Demographics 
 The demographics of the participants included in this study can be found in Table 1. The 
knee OA group was older (F1,62=625.82, P<0.01), had a higher BMI (F1,62=, P=0.01), and walked 
slower (F1,62=48.14, P<0.01) compared to the young healthy control group.  
Reliability and Precision of Ultrasonographic Assessed Femoral Cartilage in Individuals with 
Knee OA 
 We found strong intra-session reliability for absolute agreement for CSA (range = 0.958 
– 0.993) and EI (range = 0.920 – 0.985) outcomes in individuals with symptomatic, radiographic 
knee OA (Table 2). SEM values ranged between 0.175 mm2 – 0.746 mm2 and 0.262 a.u. – 0.566 
a.u. in individuals with symptomatic, radiographic knee OA for CSA and EI, respectively (Table 
2). Finally, MDC values ranged between 0.407 mm2 – 1.735 mm2 for CSA and between 0.609 





Comparisons of Ultrasound Outcomes between the Knee OA and Young Healthy Control Group 
The knee OA group demonstrated significantly greater resting EI values at for the total 
(F1,62=21.82, P<0.01), medial (F1,62=11.31, P<0.01), and lateral (F1,62=30.03, P<0.01) regions of 
the femoral cartilage (Table 1) compared to the young healthy controls. Resting EI values for the 
total (F1,60 = 20.895, P<0.001), medial (F1,60 = 8.931, P=0.004), and lateral (F1,60 = 30.07, 
P<0.001) regions of the femoral cartilage remained significantly greater in the knee OA group 
after adjusting for BMI. After adjusting for age, walking speed, there were no statistically 
significant differences between groups for resting EI in the total, medial, or lateral femoral 
cartilage regions (Table 1).  No statistically significant differences were found between groups 
for resting CSA in the total, medial, or lateral femoral cartilage regions (Table 1). No statistically 
significant differences were found between groups for %  in EI or CSA following the walking 
protocol before or after adjusting for covariates (Table 3).  
Post Hoc Analysis 
Medial Femoral Cartilage EI 
A significant association was detected between group (knee OA vs. healthy) and change 
in medial femoral EI (decrease vs. increase vs. no-change) following the 3,000-step walking 
protocol (2(2) = 7.710, p=0.021). Specifically, healthy controls were more likely to demonstrate 
no change in medial femoral EI (45.5% of individuals) compared to individuals with knee OA 
(13.3% of individuals, Table 4).  Individuals with knee OA were more likely to demonstrate an 
increase in medial femoral EI (46.7%) compared to healthy controls (30.3%, Table 4). 
Individuals with knee OA were also more likely to demonstrate a decrease in medial femoral EI 




Lateral Femoral Cartilage CSA 
A significant association was detected between group (knee OA vs. healthy) and change 
in lateral femoral CSA (decrease vs. increase vs. no-change) following the 3,000-step walking 
protocol (2(2) = 7.473, p=0.024).  Individuals with knee OA were more likely to demonstrate 
no-change in lateral CSA (36.7%) compared to healthy controls (9.1%, Table 4). Healthy 
controls were more likely to demonstrate a decrease in lateral femoral CSA (42.4%) compared to 
individuals with knee OA (36.7%, Table 4). Healthy controls were also more likely to 
demonstrate an increase in lateral femoral CSA (48.5%) compared to individuals with knee OA 
(26.6%, Table 4). 
 Group (i.e. knee OA vs. young, healthy control) did not significantly impact the 
likelihood of which cartilage response individuals would demonstrate for all other outcomes 
(Table 4). 
Specific Aim 2  
 
 The purpose of specific aim 2 was to determine the association between ultrasound 
measures of femoral cartilage health (i.e. resting CSA, resting EI, percent change in CSA, 
percent change in EI) and femoral T1ρ MRI relaxation times in the involved limb in individuals 
with symptomatic, radiographic knee OA. 
Descriptive Outcomes 
 The demographics of the participants included in this study can be found in Table 1. No 
outliers were found for any demographic variables (Table 1), US outcome for any region (Table 





Associations between Resting Ultrasound Outcomes and Mean T1 MRI Relaxation Times 
Resting CSA and EI for all regions did not significantly associate with mean T1 MRI 
relaxation times for any ROI for the medial or lateral femoral condyle (Tables 3 & 4). A 
moderate, non-significant association was detected between lesser resting lateral EI and higher 
mean T1 MRI relaxation times in the Posterior-meniscus (LFC-4 ; R2=0.267, =-0.517 
p=0.103). All other associations were classified as negligible (70%) or low (27.5%, Tables 3 & 
4). 
Associations between Percent Change in Ultrasound Outcomes and Mean T1 MRI Relaxation 
Times 
Greater deformation of the total femoral CSA (i.e. more negative %  in total CSA), 
following the 3,000-step treadmill walking protocol, significantly associated with higher mean 
T1 MRI relaxation times in the Anterior (MFC-1: R2=0.569, =-0.754, p=0.007) and Anterior-
Meniscus (MFC-2: R2=0.593, =-0.770, p=0.006) ROI (Table 3). Similarly, greater deformation 
of the medial femoral CSA (i.e. more negative %  in medial CSA), following the 3,000-step 
treadmill walking protocol, significantly associated with higher mean T1 MRI relaxation times 
in the Anterior (MFC-1: R2=0.480, =-0.693, p=0.018) and Anterior-Meniscus (MFC-2: 
R2=0.362, =-0.602, p=0.050) ROI (Table 3). %  in total EI, medial EI, lateral CSA, and lateral 
EI did not significantly associate with mean T1 MRI relaxation times for any ROI for the 
medial or lateral femoral condyle (Tables 3 & 4). Nine of the unadjusted comparisons (23%) 
between %  US outcomes and mean T1 MRI relaxation times were classified as moderate 
strength (i.e.   0.50, Tables 3 & 4). All other comparisons were classified as either negligible 
(42%) or low (35%, Tables 3 & 4). 
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Post Hoc Analysis: Associations between Ultrasonographic Outcomes and Mean T1 MRI 
Relaxation Times after Adjusting for Potential Covariates 
 Greater deformation of the total femoral CSA (i.e. more negative %  in total CSA) 
remained significantly associated with higher T1 MRI relaxation times in the Anterior (MFC-1) 
and Anterior-Meniscus (MFC-2) ROI after adjusting for age, BMI, gait speed, WOMAC-
function, and KL score (Table 5). Greater deformation of the medial femoral CSA (i.e. more 
negative %  in medial CSA) remained significantly associated with higher T1 MRI relaxation 
times in the Anterior (MFC-1) after accounting for age, BMI, WOMAC-function, and KL score 
(Table 5). Further, greater deformation of the medial femoral CSA (i.e. more negative %  in 
medial CSA) remained significantly associated with higher T1 MRI relaxation times in the 
Anterior-Meniscus (MFC-2) after accounting for age, WOMAC-function, and KL score (Table 
5). 
 After accounting for BMI (R2=0.210, =0.463, p=0.046) and KL Score (R2=0.567, 
=0.826, p=0.006), lesser deformation of the total femoral CSA (i.e. less negative %  in total 
CSA) significantly associated with higher T1 MRI relaxation times in the Posterior-Meniscus 
(LFC-4) ROI of the lateral femoral condyle (Table 5). After accounting for BMI (R2=0.542, 
=0.895, p=0.015) and gait speed (R2=0.449, =0.761, p=0.034), lesser %  in total femoral EI 
significantly associated with higher T1 MRI relaxation times in the Anterior (LFC-1) ROI of 
the lateral femoral condyle (Table 5). After accounting for age (R2=0.369, =0.609, p=0.001), 
lesser %  in total femoral EI significantly associated with higher T1 MRI relaxation times in 
the Anterior-Meniscus (LFC-2) ROI of the lateral femoral condyle (Table 5). Finally, after 
accounting for age (R2=0.333, =0.578, p=0.003), lesser %  in lateral femoral EI significantly 
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associated with higher T1 MRI relaxation times in the Anterior-Meniscus (LFC-2) ROI of the 
lateral femoral condyle (Table 5). 
Specific Aim 3 
 
 The purpose of specific aim 3 was to determine the associations between walking 
biomechanics (peak vertical ground reaction force [vGRF], instantaneous vGRF loading rate 
[INST-LR], peak internal knee abduction moment [KAM], peak internal knee extension moment 
[KEM], peak knee flexion angle [KFA], and knee flexion excursion [KFE]) and US measures of 
CSA and EI at rest and following a 3,000-step treadmill walking protocol in individuals with 
symptomatic knee OA. 
Descriptive Outcomes 
 The demographics of the participants included in the study can be found in Table 1. No 
outliers were found for any demographic variables (Table 11), US outcome for any region (Table 
11), or biomechanical variable (Table 12).  
For the post hoc analysis, 12 of the 25 (48%) participants were classified as a CSA 
Decreaser, while 13 of the 25 (52%) participants were classified as a CSA Increaser. Further, no 
significant differences were observed in any demographic variables (Table 11), US outcomes for 
any region (excluding %  in Total CSA, Table 11), or biomechanical variables between the 
CSA Decreaser and CSA Increaser groups (Table 12). Individuals classified as CSA Decreasers 
demonstrated more negative %  in Total CSA compared to CSA Increasers, however there were 
no between-group differences for any other US outcome (Table 12). 
Associations between Walking Biomechanics and Ultrasonographic Outcomes for Entire Cohort 
 After accounting for walking speed and KL score, greater peak KFA significantly 
associated with greater resting EI for the total (R2=0.122, =0.356, p=0.043) and medial 
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(R2=0.229, =0.487, p=0.003) regions of the femoral cartilage. All other biomechanical 
variables did not significantly associate with resting CSA or EI for any other region of the 
femoral cartilage (Table 13). 
 After accounting for walking speed and KL score, there were no significant associations 
between any of the biomechanical variables and percent change in CSA or  EI for any region of 
the femoral cartilage (Table 13). 
Post Hoc Analysis: Associations between Walking Biomechanics and Ultrasonographic 
Outcomes for the CSA Decreaser and CSA Increaser Groups 
 For the CSA Decreaser Group, after accounting for walking speed and KL score, greater 
peak KFA significantly associated with greater resting EI for the medial (R2=0.214, =0.467, 
p=0.030) region of the femoral cartilage. Additionally, greater peak KFA significantly associated 
with greater resting CSA for the lateral (R2=0.163, =0.409, p=0.047) regions of the femoral 
cartilage. All other biomechanical variables did not significantly associate with resting CSA or 
EI for any other region of the femoral cartilage (Table 14). 
 For the CSA Decreaser group, after accounting for walking speed and KL score, greater 
INST-LR significantly associated with greater deformation (i.e. more negative %  in total CSA) 
of the medial femoral CSA (R2=0.291, =-0.970, p=0.005, Table 14). Conversely, greater 
INST-LR significantly associated with lesser deformation (i.e. less negative %  in total CSA) of 
the lateral femoral CSA (R2=0.413, =1.154, p=0.020, Table 14). All other biomechanical 
variables did not significantly associate with percent change in CSA or EI for any other regions 
of the femoral cartilage (Table 14). 
For the CSA Increaser group, after accounting for walking speed and KL score, greater 
KEM significantly associated with lesser resting CSA for the total (R2=0.266, =0.612, 
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p=0.005) and medial (R2=0.378, =0.730, p=0.002) region of the femoral cartilage. 
Additionally, greater peak KFA significantly associated with greater resting EI for the total 
(R2=0.279, =0.540, p=0.042) and medial (R2=0.286, =0.547, p=0.044) regions of the 
femoral cartilage. Further, greater peak KFA significantly associated with lesser resting CSA for 
the medial (R2=0.232, =-0.493, p=0.030) region of the femoral cartilage. Finally, greater KFE 
significantly associated with lesser resting CSA for the total (R2=0.166, =-0.455, p=0.044) 
region of the femoral cartilage. All other biomechanical variables did not significantly associate 
with resting CSA or EI for any other region of the femoral cartilage (Table 15).  
For the CSA Increaser group, after accounting for walking speed and KL score, there 
were no significant associations between walking biomechanics and percent change in CSA or 































CHAPTER 5: MANUSCRIPT 1 
 
EVALUATING DIFFERENCES IN FEMORAL ARTICULAR CARTILAGE, USING 
ULTRASOUND, BETWEEN INDIVIDUALS WITH SYMPTOMATIC KNEE 
OSTEOARTHRITIS AND YOUNG, HEALTHY CONTROLS 
 
Introduction 
Knee osteoarthritis (OA) affects approximately 29 million adults with an estimated 
economic burden of over $165 billion.32,100 Developing effective treatment strategies for 
preventing knee OA can be difficult as the development of OA can encompass deleterious 
changes to various joint tissues (i.e. ligaments, subchondral bone, synovium, infrapatellar fat 
pad, and articular cartilage).137 However, a decline in articular cartilage health is a hallmark sign 
of knee OA and has been used as a marker of knee OA onset and progression.60 During the 
initiation of cartilage breakdown leading to knee OA development, compositional changes occur 
within the extracellular matrix of articular cartilage, such as depletion of proteoglycans35,143 and 
a disorganization of collagen fibers.116,172 Additionally, as one of the primary functions of 
articular cartilage is to facilitate the transmission of loads through the joint,155 compositional 
changes, such as depletion of proteoglycans34,35,141 and a disorganization of type II collagen 
fibers,116,172 may alter the structure and reduce the ability of articular cartilage to effectively 
respond to mechanical loading. Therefore, the ability to monitor changes to the resting structure 
articular cartilage, as well as its ability to respond to loading, may allow for early detection of 
changes associated with knee OA and early implementation of treatment strategies.  
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Currently, multiple imaging modalities are used to quantify changes to the structure of 
articular cartilage.147 Radiographs are currently used for diagnosing knee OA with a semi-
quantitative grading scale (i.e. Kellgren and Lawrence [K-L] Grade70), however radiographs rely 
primarily on late-stage changes within the joint (i.e. joint space narrowing, osteophyte 
formation)9 that do not directly relate to cartilage health. Magnetic resonance imaging (MRI) 
allows for direct visualization of soft tissues structures involved in the degenerative process 
associated with knee OA, including the articular cartilage.47 However, limitations of  MRI, such 
as long acquisition time and sparsity of availability, may reduce the feasibility of regular clinical 
usage of MRI for assessing articular cartilage.  
Ultrasound (US) has recently emerged as a valid and reliable clinical tool for assessing 
articular cartilage health in healthy individuals113 and individuals with an anterior cruciate 
ligament (ACL) reconstruction56 who are risk for developing posttraumatic osteoarthritis.98 In 
individuals with knee OA, US has demonstrated high agreement with certain MRI sequences 
(gadolinium-DTPA-enhanced) for assessing cartilage thickness.120  Further, previous research 
using US has demonstrated that individuals with knee OA present with thinner and more 
irregular cartilage at rest compared to healthy age-matched controls.66 Femoral cartilage cross-
sectional area (CSA) can be reliably measured in medial and lateral regions of interest of the 
femoral cartilage at rest and following a standardized walking protocol in young healthy 
individuals.55  However, no studies have determined the difference in femoral CSA between 
individuals with knee OA and young, healthy controls. US echo-intensity (EI) has previously 
been used to compare the composition of skeletal muscle between pathological and healthy 
populations.145 Higher EI has been found in the muscle of individuals with myopathies (e.g. 
polymyositis) compared to healthy controls.145 Further, higher EI in muscle associates with 
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increased water content within the muscle.21,135 Similarly, the depletion of proteoglycans within 
the articular cartilage during the progression of knee OA is theorized to result in an increase in 
cartilage water content.88   EI of femoral cartilage is higher in individuals with knee OA 
compared to healthy controls,119 and may reflect increased water content as a result of 
proteoglycan depletion.17,102 Further, an increase in water content within the cartilage may 
decrease the ability of cartilage to attenuate energy during lower extremity loading experienced 
during activities such as walking.88  
Previous research in healthy individuals has demonstrated significant decreases in US 
measures of femoral cartilage CSA following a single standardized bout of normal walking (i.e. 
45 minutes) on a treadmill.55 These findings indicate that acute deformation occurs in healthy 
cartilage following a standardized bout of normal walking. As one of the primary functions of 
cartilage is to transmit loads through the knee joint during movement, evaluating the response of 
cartilage to walking may provide valuable information on it structural integrity. Further, 
assessing acute changes in EI following a bout of normal walking may provide valuable 
information about the water content of the cartilage, as an increase in EI is hypothesized to 
associate with an increase in the water content within cartilage.88 Therefore, assessing acute 
change in EI following a standardized walking protocol may provide an in vivo surrogate 
measure of the composition of cartilage. However, acute changes in CSA and EI following a 
bout of normal walking in individuals with knee OA, compared to a healthy control group, have 
not been evaluated. Assessing these acute changes would further inform whether US is capable 
of detecting differences in how osteoarthritic cartilage responds to loading, which may also 
inform the development of treatment strategies.  
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In this study, we compared resting CSA and EI of the femoral articular cartilage between 
individuals with symptomatic, radiographic knee OA and young, healthy controls with no history 
of knee injury or other joint related conditions. Next, we compared the cartilage response to 
loading between the knee OA and healthy control groups by evaluating the percent change (% ) 
in CSA and EI following the 3,000-step treadmill walking protocol. Finally, we determined the 
intrasession reliability, precision, and minimal detectable change values of US (CSA and EI) in 
individuals with symptomatic, radiographic knee OA 
Methods 
Study Design 
The current study employed a repeated-measures design to assess intrasession reliability 
and precision values of ultrasound outcomes in individuals with symptomatic, radiographic knee 
OA on a subset of individual's (7 female, 2 male, 64  7.58 years, 30.07  3.34 kg/m2).  The 
entire cohort participated in a comparison-control design to compare US outcomes between 
individuals with knee OA and young, healthy controls (Figure 1). Upon arrival to the laboratory, 
individuals from both groups completed an assessment of their habitual walking speed that 
would be used for the 3,000-step treadmill walking protocol. Participants then sat on a plinth in a 
long-sit position with their knees fully extended for 45 minutes to unload the femoral articular 
cartilage and minimize effects of preceding activity.55 A single investigator performed an US 
assessment of the anterior femoral cartilage of the involved limb in the knee OA group and 
healthy controls prior to and immediately following a 3,000 step walking protocol on a 
treadmill.53  For the intrasession reliability and precision measurements, the investigator 
performed a separate bilateral US assessment on a subset of 9 individuals with knee OA 5 
minutes prior to the pre-walking US assessment for determining intrasession reliability. The 
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investigator who analyzed the reliability images was blinded to the time point of the US 
acquisition (i.e. pre vs. post). The US assessment was performed on the knee with the previous 
diagnosis of knee OA. In individuals with bilateral knee OA, the involved limb was defined as 
the limb that the participant self-reported as having the most dysfunction. Cartilage thickness 
does not differ between limbs in healthy individuals;121 therefore, the US assessment was 
performed on the dominant limb of the healthy controls, defined as the limb that the participant 




Figure 1: Study Design. For the reliability US acquisition, individuals were positioned to 130o of 
knee flexion, then repositioned to the resting position until the pre-walking acquisition occurred. 







Participants in the knee OA group included in this study were confirmed to have 
radiographically defined knee OA (Kellgren-Lawrence [K-L] grade 2-4), were between the ages 
of 40 and 75 years, and scored greater than 21 on the WOMAC function sub-scale.164 We 
excluded individuals with knee OA if they had any of the following: body mass index (BMI) 
greater than 35 kg/m2, previous diagnosis of a cardiovascular condition restricting them from 
exercise, knee injection within the past 2 weeks, pacemaker, neurodegenerative condition, 
rheumatoid arthritis, cancer, neural sensory dysfunction over the knee, history of lower extremity 
orthopedic surgery within the past year, traumatic knee injury in the past 6-months, history of 
total knee arthroplasty in either extremity, or required an assistive device to walk. The healthy 
control group was comprised of a convenience sample of healthy individuals between the ages if 
18 and 35 years who self-reported participating in physical activity for at least 30 minutes 3 days 
per week.53,55 Additionally, participants were excluded from the healthy control group if they 
self-reported a history of lower extremity orthopedic surgery, general orthopedic conditions (i.e. 
knee OA, orthopedic implant, or lower extremity fracture within the past 12 months), or a 
ligamentous injury to the ankle, knee, or hip at any time. Previous research has demonstrated 
significant differences in US measures of resting cartilage thickness between individuals with 
knee OA and healthy controls (Cohen’s d=0.922).66 Additionally, significant differences in 
cartilage CSA were detected between individuals with and without an anterior cruciate ligament 
reconstruction who are at a heightened risk of knee OA development (Cohen’s d= 0.64).56,97 An 
a priori power analysis (G*Power v3.1.9.2)41 indicated that we needed 60 individuals (30 with 
knee OA, 30 healthy controls) to determine differences with an effect size with a magnitude 
between 0.92266 and 0.6456 (Cohen’s d = 0.75) in order to achieve 80% power with an alpha 
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level of 0.05. All participants provided written informed consent and the study was approved by 
the university’s institutional review board.  
Walking Speed Assessment 
Prior to the standardized treadmill walking protocol and US acquisition, habitual walking 
speed was determined using 2 sets of infrared timing gates spaced 1-meter apart (TF100, 
TracTronix). Starting approximately 4 steps prior to the first timing gate, participants were 
instructed to walk at a “normal comfortable walking speed as if they were normally walking 
down the sidewalk.” Participants completed 5 practice walking trials prior to completing 5 
additional walking trials from which the speeds were averaged and used for the standardized 
treadmill walking protocol.53  
Ultrasonographic Assessment of Femoral Cartilage 
Following arrival to the laboratory, participants sat in a long-sit position on a plinth, with 
their knees fully extended, for 45 minutes in order to unload the femoral articular cartilage and 
reduce effects of preceding activity on the cartilage. Three US images of the femoral cartilage in 
the involved limb were acquired immediately following the rest period. Next, participants began 
the 3,000-step treadmill walking protocol at their habitual walking speed. The healthy control 
group was part of a previous study during which they underwent US acquisition procedures with 
their knees flexed to 140o of knee flexion as previously described.55,56,129,131 Using a modified 
version of this technique, participants from the knee OA group laid flat on a plinth with their 
knee flexed to 130o of knee flexion, which was confirmed using a manual goniometer. The knee 
OA group was positioned in slightly less knee flexion to reduce the potential for pain during the 
US acquisition. We performed preliminary testing (n=3) in our laboratory on healthy uninjured 
volunteers to compare resting CSA and EI, as well as the absolute change in CSA and EI 
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following a standardized 3,000-step treadmill walking protocol, between 140o and 130o of knee 
flexion. We felt confident comparing knee OA and healthy groups which were collected at 
different joint angles as we found the mean differences between 140o and 130o of knee flexion 
for each outcome  did not exceed previously reported minimal detectable change values in 
healthy individuals (Supplementary Table 1). 129   
A measuring tape was secured to the length of the plinth so that the position of the 
posterior calcaneus could be documented to allow for consistent lower limb positioning across 
the multiple image acquisitions. A LOGIQe US system (General Electric Co., Boston, MA) with 
a 12 MHz linear probe was used to visualize the femoral articular cartilage. The probe was 
placed transversely between the medial and lateral femoral condyles superior to the patella and 
rotated in the sagittal plane to maximize the reflectivity off the cartilage.113 A transparent grid 
was placed over the screen of the US monitor to help ensure reproducibility of each image.53,55 
The level of the most superficial femoral cartilage border at either edge of the image was 
recorded in order to ensure consistency in the positioning of the US probe prior to and following 
the standardized treadmill walking protocol.55 The plinth on which the participants rested prior to 
the standardized treadmill walking protocol was positioned directly behind the treadmill in order 
to reduce the time between the conclusion of the standardized treadmill walking protocol and US 
image acquisition. All post-walking images were captured within 60 seconds of the conclusion of 
the standardized treadmill walking protocol.  
Ultrasonographic Image Processing 
All US images were segmented using ImageJ software (National Institutes of Health, 
Bethesda, MD) by multiple trained investigators who were blinded to the time point (i.e. pre- and 
post-walking). All investigators who segmented the US images demonstrated high inter-rater 
 
 67 
reliability using intra-class correlation coefficients (ICC2,k > 0.90).129 Femoral cartilage CSA 
(mm2) was segmented using a polygon function for each of the three images at each time point 
from which the area was calculated and averaged. Further, the total femoral cartilage CSA was 
segmented into medial and lateral regions based upon the center of the intercondylar notch, 
which corresponded with the center line on the transparency grid used during image 
acquisition.52,55,129 Femoral cartilage EI (a.u.: arbitrary units) was calculated as the average 
grayscale value for each pixel within each region (i.e. total, medial, and lateral) ranging from 0 
(black) to 255 (white).55,56 Percent change scores were calculated for CSA and EI measures using 
equation 11 to determine the acute changes in each variable following the 3,000-step walking 
protocol (Equation 1).55  
 
Equation 1 
%  = ( [meanpost - meanpre] / meanpre ) * 100 
 
Standardized Treadmill Walking Protocol 
Participants walked on a treadmill (4Front, WOODWAY, Waukesha, WI) at their self-
selected speed for 3,000 steps while wearing a pedometer (OneTweak, Austin, TX) secured to 
the right hip in order to collect real-time step count data during the walking protocol. At the 
3,000-step count, the treadmill was paused and the participants immediately were re-positioned 
on the plinth for post-walking US acquisition. 
Statistical Analysis 
Means and standard deviations for all demographic and US data were collected for the 
entire cohort. Stem and leaf plots were used to identify potential outliers for all outcomes 
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measures, which were defined as a point measure >3 standard deviations from the mean. If a 
statistical outlier was detected, we planned to remove it from the analysis. Finally, a one-way 
analysis of variance (ANOVA) was used to compare demographic outcomes between the knee 
OA group and the young, healthy control group. 
Reliability and Precision of Ultrasonographically Assessed Femoral Cartilage 
Two-way mixed, intra-class correlation coefficients (ICC3,k) for absolute agreement were 
calculated for CSA and EI outcome measures for the total, medial, and lateral regions of the 
femoral cartilage and all ICC’s were classified as weak (<0.5), moderate (0.5-0.69), or strong 
(0.7).159 Next, the intrasession standard error of the measurement (SEM)172 was calculated 
using equation 2 and the previously calculated intrasession ICC (Equation 2). We calculated the 
minimal detectable change at the 90% confidence level (MDC90 ), corresponding 
to a z  value of 1.64. The MDC9072 was calculated to determine a threshold of the amount of 
expected change in femoral cartilage CSA or EI within a single session (Equation 3).135  
 
Equation 2 
SEM = SD * (1 – ICC) 
Equation 3 
MDC90 = 1.645 * SEM * (2) 
 
Differences in US Outcomes between Individuals with Knee OA and Young, Healthy Controls 
Between-groups comparisons were performed for resting CSA and EI as well as %  in 
CSA and EI following the 3,000-step treadmill walking protocol for the total, medial, and lateral 
regions of the femoral cartilage using one-way analysis of variance (ANOVA). Next, we 
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evaluated all of the aforementioned between-group comparisons using a one-way analysis of 
covariance (ANCOVA) in order to determine whether differences in resting and %  CSA and 
EI outcomes existed between groups after accounting for covariates (i.e. BMI, age, walking 
speed). Previous research has demonstrated that individuals with higher BMI demonstrate greater 
EI assessed using US compared to healthy controls.123 Furthermore, age115 and alterations in 
walking speed138 are common risk factors for knee OA development. Finally, as the resting 
structure and composition of the femoral cartilage may be different in those with and without 
knee OA,34,60,117,141,172 we explored the effects of the resting value for EI and CSA as a covariates 
for ANCOVA evaluating the between group differences in %  in EI and CSA following the 
walking protocol. The a priori alpha level was set at 0.05 and all statistical analyses were 
performed using the Statistical Package for the Social Sciences (SPSS, version 25, IBM Corp., 
Somers, NY). 
Post Hoc Analyses 
Previous research131 evaluating US femoral CSA in healthy individuals stratified 
participants into groups using a CSA MDC cutoff, based on the magnitude of change following a 
standardized walking protocol. As this indicates that the response of healthy cartilage to a 
standardized walking protocol is not uniform across all individuals, it may be necessary to 
determine if the response of osteoarthritic cartilage demonstrates a similar lack of uniformity 
across all individuals. For the current study, we used a chi-square analysis in order to determine 
if there was a higher percentage of individuals who demonstrated a decrease, increase, or no 
change in total CSA and EI in the knee OA group compared to the young healthy controls. We 
used the MDC calculated in the current study for individuals with knee OA to separate 
individuals with knee OA into groups based on whether they demonstrated a decrease, increase, 
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or no change in total CSA and EI following the 3,000-step treadmill walking protocol. Further, 
we used a previously published MDC for the total (0.401 mm2),129 medial (0.512 mm2), and 
lateral (1.072 mm2)55 to identify young healthy individuals who demonstrated an increase, 
decrease, or no change in CSA or EI  outcomes (decrease: change < -MDC; increase: change > 
+MDC; no change: i.e. -MDC < change < +MDC).  
Results 
Demographics 
 The demographics of the participants included in this study can be found in Table 1. The 
knee OA group was older (F1,62=625.82, P<0.01), had a higher BMI (F1,62=25.01, P=0.01), and 
walked slower (F1,62=48.14, P<0.01) compared to the young healthy control group.  
Reliability and Precision of Ultrasonographic Assessed Femoral Cartilage in Individuals with 
Knee OA 
 We found strong intra-session reliability for absolute agreement for CSA (range = 0.958 
– 0.993) and EI (range = 0.920 – 0.985) outcomes in individuals with symptomatic, radiographic 
knee OA (Table 2). SEM values ranged between 0.175 mm2 – 0.746 mm2 and 0.262 a.u. – 0.566 
a.u. in individuals with symptomatic, radiographic knee OA for CSA and EI, respectively (Table 
2). Finally, MDC values ranged between 0.407 mm2 – 1.735 mm2 for CSA and between 0.609 
a.u. and 1.316 a.u. for EI in individuals with symptomatic, radiographic knee OA (Table 2).  
Comparisons of US Outcomes between the Knee OA and Young Healthy Control Groups 
 The knee OA group demonstrated significantly greater resting EI values for the total 
(F1,62=21.82, P<0.01), medial (F1,62=11.31, P<0.01), and lateral (F1,62=30.03, P<0.01) regions of 
the femoral cartilage (Table 1) compared to the young healthy controls. Resting EI values for the 
total (F1,60 = 20.895, P<0.001), medial (F1,60 = 8.931, P=0.004), and lateral (F1,60 = 30.07, 
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P<0.001) regions of the femoral cartilage remained significantly greater in the knee OA group 
after adjusting for BMI. After adjusting for age, there were no statistically significant differences 
between groups for resting EI in the total, medial, or lateral femoral cartilage regions (Table 1).  
No statistically significant differences were found between groups for resting CSA in the total, 
medial, or lateral femoral cartilage regions (Table 1). No statistically significant differences were 
found between groups for %  in EI or CSA following the walking protocol before or after 
adjusting for covariates (Table 3).  
Post Hoc Analysis 
Medial Femoral Cartilage EI 
A significant association was detected between group (knee OA vs. healthy) and change 
in medial femoral EI (decrease vs. increase vs. no-change) following the 3,000-step walking 
protocol (2(2) = 7.710, p=0.021). Specifically, healthy controls were more likely to demonstrate 
no change in medial femoral EI (45.5% of individuals) compared to individuals with knee OA 
(13.3% of individuals, Table 4).  Individuals with knee OA were more likely to demonstrate an 
increase in medial femoral EI (46.7%) compared to healthy controls (30.3%, Table 4). 
Individuals with knee OA were also more likely to demonstrate a decrease in medial femoral EI 
(40.0%) compared to healthy controls (24.2%, Table 4).  
Lateral Femoral Cartilage CSA 
A significant association was detected between group (knee OA vs. healthy) and change 
in lateral femoral CSA (decrease vs. increase vs. no-change) following the 3,000-step walking 
protocol (2(2) = 7.473, p=0.024).  Individuals with knee OA were more likely to demonstrate 
no-change in lateral CSA (36.7%) compared to healthy controls (9.1%, Table 4). Healthy 
controls were more likely to demonstrate a decrease in lateral femoral CSA (42.4%) compared to 
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individuals with knee OA (36.7%, Table 4). Healthy controls were also more likely to 
demonstrate an increase in lateral femoral CSA (48.5%) compared to individuals with knee OA 
(26.6%, Table 4). 
 Group (i.e. knee OA vs. young, healthy control) did not significantly impact the 
likelihood of which cartilage response individuals would demonstrate for all other outcomes 
(Table 4). 
Discussion 
 Consistent with our hypothesis, individuals with knee OA demonstrated significantly 
greater resting EI within the total, medial, and lateral regions of the femoral cartilage compared 
to young healthy controls. Additionally, these differences remained significant after adjusting for 
BMI, but not for any other covariate. Contrary to our hypotheses, there were no significant 
differences in resting CSA or %  in CSA and EI between individuals with knee OA and young 
healthy controls. Additionally, we found that CSA and EI demonstrated strong intrasession 
reliability and the SEM and MDC are larger than SEM and MDC measures reported in young 
health controls. This is the first study to establish these psychometric properties of these US 
outcomes in individuals with knee OA.  These outcomes may be helpful in determining 
longitudinal cartilage changes in response to disease progression or therapeutic intervention.    
We found that individuals with knee OA demonstrate greater EI at rest compared to 
young healthy controls and these between group differences in EI remained after adjusting for 
BMI.  However, after adjusting for age there were no differences in resting EI between groups. 
Greater EI in osteoarthritic cartilage may be indicative of the compositional alterations within the 
cartilage that occur during knee OA onset, such as depletion of proteoglycans within the 
extracellular matrix.87,144 It is not surprising that age may impact EI as proteoglycan density of 
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the femoral articular cartilage may decrease with age.45 Additionally, a depletion in proteoglycan 
density is one of the initial compositional changes that occurs to the articular cartilage during 
knee OA onset.34,142 As the knee OA group in this study was significantly older than the healthy 
control group, it is difficult to determine whether differences in EI are related to differences in 
age, or the result of the knee OA. Therefore, future studies should evaluate similar comparisons 
as performed in this study between a group of individuals with knee OA and a group of 
asymptomatic, age-matched controls.  
The results of the current study are consistent with previous research119,136 suggesting that 
EI may be used to differentiate osteoarthritic and healthy cartilage. EI has previously been used 
to compare different types of healthy and pathological tissues, such as skeletal muscle.103 In 
skeletal muscle, EI is significantly greater in older individuals compared to younger controls 
which has been theorized to be due to an infiltration of fatty and fibrous tissue within the muscle 
that demonstrates greater EI values compared to healthy muscle.145 Individuals with early-stage 
knee OA demonstrate greater EI using US,119,136 which may indicate compositional alterations 
within the articular cartilage. These changes in cartilage composition may include a depletion of 
proteoglycan content that and an increase in the water content within the cartilage.44,65 A 
depletion of proteoglycans can increase the permeability of the extra-cellular matrix of the 
cartilage, which leads to an increase in the amount of interstitial water within the cartilage.57,166  
One of the main functions of cartilage is to assist in efficient attenuation of energy through the 
knee joint.155 Therefore, alterations in the water content of the articular cartilage can have 
harmful effects on long-term joint health and potentially increase the risk for knee OA. Our 
findings demonstrate that US can be used as a reliable tool to assess EI in individuals with knee 
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OA. However future research should compare EI to previously established imaging modalities 
(e.g. T1 MRI and T2 mapping) that are sensitive to compositional alterations in cartilage.   
We did not observe significant differences in resting CSA between the individuals with 
knee OA and the young healthy controls. The US acquisition technique used in the current study 
is capable in assessing a single portion of the anterior femoral cartilage, but is not able to 
visualize cartilage further posterior on the femur. Therefore, it is possible that the current US 
technique used in this study was not able to detect differences in CSA which may be located 
further posterior in the joint.  Additionally, it can be hypothesized that imaging modalities that 
can assess larger portions of the tibiofemoral cartilage, such as MRI, may have detected 
differences in cartilage structure outcomes that are not visualized using the current US technique. 
MRI is a more comprehensive imaging modality, compared to US, as MRI can evaluate cartilage 
throughout the entirety of the knee joint. Therefore, further exploration into novel US acquisition 
techniques, as well as comparisons between US and MRI, are needed to further investigate the 
use of US in identifying cartilage changes that occur during knee OA onset. Finally, the groups 
in the current study were positioned to different knee flexion angles (i.e. 140o for knee OA, 130o 
for healthy) during the US acquisition. As such, it is possible that significant between-group 
differences in CSA may be observed with both groups being positioned similarly at either 140o or 
130o of knee flexion, yet the difference in flexion angle may have prevented the detection of 
these significant differences. Therefore, future research should evaluate these comparisons with 
consistent knee flexion positioning between groups. 
Overall we did not observe differences in percent change CSA and percent change  EI 
between groups following the 3,000-step treadmill walking protocol. We did not evaluate 
between-group differences in walking biomechanics for the current study. Previous research has 
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demonstrated that individuals with knee OA demonstrate alterations in the magnitude of 
loading,8,89,105 the rate of loading,111 and kinematic measures during walking104 compared to 
healthy controls. As such, alterations in these biomechanical variables can influence the location 
on the cartilage and pattern of loading that occurs within the joint.4,78 Therefore, it is possible 
that differences in biomechanics between groups may contribute to the lack of differences in the 
response of cartilage to the standardized treadmill walking protocol that was observed in this 
study. Future research should evaluate similar US outcomes between individuals with knee OA 
and healthy controls, while adjusting for potential between-groups differences in walking 
biomechanics. 
 The results of this study indicate that within these groups (knee OA vs. young healthy 
control) are sub-groups of individuals who demonstrate differing cartilage responses to the 
standardized treadmill walking protocol. Previous research131 in healthy individuals has 
demonstrated that the use of a knee valgus unloader brace, designed to change mechanical 
loading patterns at the knee during walking, elicited differing cartilage responses following a 
standardized treadmill walking protocol.  Specifically, individuals who demonstrated a decrease 
in CSA beyond a previously calculated MDC55 demonstrated less cartilage deformation during a 
braced treadmill walking protocol compared to an unbraced walking protocol, when compared to 
individuals who did not decrease beyond the MDC.131  Similarly, the lack of significant between-
group differences in the current study may be explained by the lack of uniformity in the response 
of cartilage (i.e. decrease vs. increase  vs. no change) acutely following the standardized 
treadmill walking protocol. Previous research in healthy individuals demonstrated that at 
multiple step counts throughout a 5,000-step walking protocol,129 changes in CSA occur, yet 
these changes are dynamic in nature (i.e. increase and decrease based on the number of steps 
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taken). As such, osteoarthritic cartilage may undergo a dynamic response to normal walking that 
is step-count dependent as well, yet it may occur in a different manner compared to healthy 
cartilage. Therefore, future research should evaluate the response of osteoarthritic cartilage at 
multiple step counts throughout a standardized treadmill walking protocol to better understand 
the response of osteoarthritic cartilage to walking. 
 The current study evaluated psychometric properties of these US outcomes in individuals 
with knee OA and found it to demonstrate high intrasession reliability. Further, the current study 
calculated SEM and MDC values for individuals with knee OA, which were found to be greater 
compared to previously calculated SEM and MDC values in healthy individuals.55,129 As 
previous research demonstrated that osteoarthritic cartilage has more structural irregularities (i.e. 
blurring of the hyperechoic band on US image) compared to healthy cartilage,66 it can be more 
difficult to acquire and segment US images of osteoarthritic cartilage compared to healthy 
cartilage. Additionally, due to the larger MDC values for osteoarthritic cartilage,  greater 
magnitudes of change in CSA and EI following a standardized walking protocol would be 
needed to discern whether the changes in CSA and EI were not due to error. Further, though the 
current study demonstrated high intrasession reliability for evaluating femoral CSA and EI in 
osteoarthritic cartilage, this US technique was unable to distinguish differences resting measures 
of femoral CSA. Future research is needed to refine this US technique in order to increase its 
capacity to detect differences in femoral cartilage structure (CSA) between osteoarthritic and 
healthy cartilage.  
The ability to routinely monitor cartilage health in individuals with knee OA is critical for 
developing interventions aimed at preventing the progression of knee OA. While US may be a 
viable and more widely available alternative compared to other imaging modalities, such as 
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MRI, future research is needed to understand whether these US outcomes are related to clinically 
relevant outcomes in individuals with knee OA. Previous research52 has demonstrated that 
slower habitual walking speed is associated with a greater thinning response of cartilage 
following 30 minutes of treadmill walking in healthy individuals. Further, previous research123 
has also demonstrated that individuals with a greater BMI demonstrate greater EI in the medial 
and lateral regions compared to normal-weight controls, indicating that BMI may influence US 
outcomes as well. As such, future research should evaluate the associations between clinically 
relevant outcomes (i.e. walking speed, BMI, patient-reported outcomes) with US outcome 
measures, as this may be important for determining the clinical relevance of US in individuals 
with knee OA. 
While the current study provides a novel comparison of US outcomes between 
individuals with knee OA and healthy controls, there are limitations that may inform future 
research. As the groups evaluated in the current study were significantly different in age and 
BMI, future research should seek to determine if differences exist in US outcomes between 
individuals with knee OA and matched controls. We were only able to visualize and assess a 
portion of the anterior femoral cartilage and were unable to assess any changes to the central and 
posterior regions of the cartilage. As the central and posterior regions are most likely to be 
loaded during walking,4 future studies should seek to determine if different US acquisition 
techniques may be able to assess the entire medial and lateral femoral condyles. The current 
study evaluated individuals with knee OA with differing Kellgren-Lawrence scores (3.10  
0.66), indicating that our sample was comprised of individuals with varying levels of severity of 
knee OA. Future studies should determine whether US outcomes of femoral articular cartilage 
are different in individuals with knee OA based on severity. The knee flexion angle during US 
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acquisition was 130o for the knee OA group and was 140o for the healthy control group. While 
we believe this is a limitation that should be noted, we have reported preliminary data in this 
manuscript (Supplementary Table 1) that indicates no significant differences in resting or %  
CSA and EI when individuals were assessed at 130o or 140o of knee flexion. Finally, our analysis 
of the psychometric properties of US in individuals with knee OA was completed in a sample of 
9 individuals (16 knees). As such, this small sample size may have increased the variability in 
our repeated measures, which would directly affect the psychometric outcomes. Future research 
should seek to establish the psychometric properties of US in individuals with knee OA utilizing 
a larger sample size. 
Conclusion 
 The current study demonstrated significant differences in resting EI in femoral articular 
cartilage, using US, between individuals with symptomatic, radiographic knee OA and a young, 
healthy control group. US is a reliable imaging modality that can be used to assess femoral 
cartilage in individuals with knee OA. Future research is needed to determine if the EI 
measurement is capable of determining knee OA progression, as well as whether it is responsive 
to novel therapeutic interventions. A better understanding of how changes in EI may relate to 
cartilage changes indicative of knee OA progression would allow for the development of more 












Healthy Group ANOVA 
N 30 (20 female, 10 
male) 
33 (15 female, 
18 male) 
 
Age (years) 60.00  8.20 21.61  3.10 F1,62=625.82, 
P<0.01* 
Body Mass Index (kg/m2) 29.35  3.93 24.56  3.67 F1,62=25.01, 
P<0.001* 
Kellgren-Lawrence Score 3.10  0.66 N/A  
Walking Speed 
(meters/second) 
1.09  0.18 1.39  0.15 F1,62=48.14, 
P<0.01* 






Total Pre (mm2) 83.96  23.85 87.12  16.08 F1,62=0.39, P=0.54  
Total Post (mm2) 83.54  24.02 87.54  16.82  
Total Percent Change (%) -0.11  9.16 0.39  3.33 F1,62=0.39, P=0.54 
Medial Pre (mm2) 42.27  15.39 41.48  7.80 F1,62=0.07, P=0.80 
Medial Post (mm2) 42.43  15.96 41.37  8.29  
Medial Percent Change (%) 0.88  13.57 -0.38  4.38 F1,62=0.28, P=0.61 
Lateral Pre (mm2) 42.19  11.31 45.90  9.30 F1,62=2.04, P=0.16 
Lateral Post (mm2) 41.16  11.73 46.17  9.74  







Total Pre (a.u.) 50.64  8.92 41.97  5.57 F1,62=21.82, 
P<0.01* 
Total Post (a.u.) 50.85  8.75 42.79  5.78  
Total Percent Change (%) 0.77  6.53 2.01  3.86 F1,62=0.86, P=0.36 
Medial Pre(a.u.) 52.46  12.52 44.18  6.31 F1,62=11.31, 
P<0.01* 
Medial Post (a.u.) 52.17  11.95 44.77  6.44  
Medial Percent Change (%) 0.11  9.75 1.45  4.64 F1,62=0.51, P=0.48 
Lateral Pre (a.u.) 50.07  8.98 39.97  5.34 F1,62=30.03, 
P<0.01* 
Lateral Post (a.u.) 50.49  9.85 41.08  5.69  
Lateral Percent Change (%) 1.09  8.13 2.83  4.83 F1,62=1.09, P=0.30 
*indicates a significant difference between groups 




Table 2: Intra-session reliability, precision, and minimal detectable change for 
individuals with knee OA 
 ICC SEM MDC 
Total CSA (mm2) 0.981 0.709 1.649 
Total EI 0.979 0.262 0.609 
Medial CSA (mm2) 0.993 0.175 0.407 
Medial EI 0.985 0.327 0.761 
Lateral CSA (mm2) 0.958 0.746 1.735 
Lateral EI 0.920 0.566 1.316 
ICC = intra-class correlation coefficient, SEM = standard error of the measurement, MDC = 




















Table 3: Comparisons of US Outcomes between Individuals with OA and Healthy 
Controls after Accounting for Individual Covariates 
Pre-Walking US Outcomes 
 Age as 
Covariate 
BMI as Covariate   
Total  
Resting CSA 
F1,60 = 0.463, 
P=0.499 





F1,60 = 0.967, 
P=0.329 





F1,60 = 0.099, 
P=0.754 





F1,60 = 0.720, 
P=0.400 





F1,60 = 0.361, 
P=0.550 





F1,60 = 1.070, 
P=0.305 
F1,60 = 30.070, 
P<0.001* 
  
Percent Change in US Outcomes following 3,000-step Treadmill Walking 
 Age as 
Covariate 
BMI as Covariate Gait Speed as 
Covariate 
Resting Values as 
Covariate 
%  Total 
CSA 
F1,60 = 0.341, 
P=0.561 
F1,60 = 0.400, 
P=0.530 
F1,60 = 0.386, 
P=0.537 
F1,60 = 0.116, 
P=0.734 
%  Medial 
CSA 
F1,60 = 0.116, 
P=0.735 
F1,60 = 0.137, 
P=0.713 
F1,60 = 0.083, 
P=0.774 
F1,60 = 0.273, 
P=0.603 
%  Lateral 
CSA 
F1,60 = 0.980, 
P=0.326 
F1,60 = 2.843, 
P=0.097 
F1,60 = 1.440, 
P=0.235 
F1,60 = 1.834, 
P=0.181 
%  Total EI F1,60 = 0.022, 
P=0.883 
F1,60 = 2.287, 
P=0.136 
F1,60 = 0.821, 
P=0.368 
F1,60 = 0.067, 
P=0.796 
%  Medial EI F1,60 = 0.956, 
P=0.332 
F1,60 = 0.364, 
P=0.549 
F1,60 = 0.048, 
P=0.826 
F1,60 = 0.032, 
P=0.859 
%  Lateral EI F1,60 = 0.035, 
P=0.851 
F1,60 = 3.151, 
P=0.081 
F1,60 = 1.615, 
P=0.209 
F1,60 = 0.028, 
P=0.867 










Table 4: Chi-Square Contingency Tables 
Total Femoral CSA (2 = 0.393, p=0.822) 
 Knee OA Healthy  Total 
Decrease 13 (43.3%) 13 (39.4%) 26 
Increase 14 (46.6%) 15 (45.5%) 29 
Within +/- MDC  3 (10.0%) 5 (15.2%) 8 
Total 30 33 63 
Total Femoral EI (2 = 4.295, p=0.117) 
 Knee OA Healthy  Total 
Decrease 10 (33.3%) 4 (12.1%) 14 
Increase  15 (50.0%) 20 (60.6%) 35 
Within +/- MDC  5 (16.7%) 9 (27.3%) 14 
Total 30 33 63 
Medial Femoral CSA (2 = 0.630, p=0.730) 
 Knee OA Healthy  Total 
Decrease 12 (40.0%) 16 (48.5%) 28 
Increase  15 (50.0%) 15 (45.5%) 30 
Within +/- MDC  3 (10.0%) 2 (6.0%) 5 
Total 30 33 63 
Medial Femoral EI (2 = 7.710, p=0.021)* 
 Knee OA Healthy  Total 
Decrease 12 (40.0%) 8 (24.2%) 20 
Increase  14 (46.7%) 10 (30.3%) 23 
Within +/- MDC  4 (13.3%) 15 (45.5%) 19 
Total 30 33 63 
Lateral Femoral CSA (2 = 7.473, p=0.024)* 
 Knee OA Healthy  Total 
Decrease 11 (36.7%) 14 (42.4%) 25 
Increase  8 (26.6%) 16 (48.5%) 24 
Within +/- MDC  11 (36.7%) 3 (9.1%) 14 
Total 30 33 63 
Lateral Femoral EI (2 = 3.475, p=0.176) 
 Knee OA Healthy  Total 
Decrease 10 (33.3%) 5 (15.2%) 15 
Increase  13 (43.3%) 15 (45.5%) 28 
Within +/- MDC  7 (23.4%) 13 (39.3%) 20 
Total 30 33 63 







Supplementary Table 1 (Table 5): Means  standard deviations, as well as between-flexion 
angle differences, for resting and absolute change in US outcomes at 140 and 130 degrees of 
knee flexion 









Resting Total CSA 
(mm2) 
73.73  7.47 74.08  7.67 -0.35  1.46* 
0.407 mm2 
 Absolute Change Total 
CSA (mm2) 
-1.46  0.26 -1.50  1.80 -0.04  1.70* 
Resting Total EI (a.u.) 47.20  2.61 47.14  0.50 0.06  3.11* 
0.594 a.u. 
 
Absolute Change Total  
EI (a.u.) 
-1.11  0.40 -0.53  0.66 -0.58  0.84* 
a.u.: arbitrary unit, CI: confidence interval, MDC: minimal detectable change 
*indicates a mean difference for the outcome of interest, between knee flexion angles, that does 
not exceed the previously reported MDC for the outcome of interest 
The MDC for CSA was reported in a previous study, while the MDC for EI was calculated from 






















CHAPTER 6: MANUSCRIPT 2 
 
ASSOCIATIONS BETWEEN ULTRASONOGRAPHIC AND T1 MAGNETIC 
RESONANCE IMAGING OUTCOME MEASURES OF ARTICULAR CARTILAGE 




 Knee osteoarthritis (OA) is the 11th leading cause of global disability28 and affects 
approximately 29 million adults in the United States annually.32 While knee OA has been 
characterized as a disease of the whole joint due to the multiple structures affected during knee 
OA development,137 a decline in articular cartilage health has been characterized as a hallmark 
sign of knee OA.60 Alterations to the composition of the articular cartilage may precede overt 
structural changes associated with the progression of knee OA.102,170 Specifically, proteoglycan 
depletion within the extracellular matrix has been classified as one of the initial changes to 
cartilage composition that associates with knee OA onset.34,35,143 Proteoglycans are responsible 
for providing articular cartilage with osmotic properties that retain water within the extracellular 
matrix and allow the cartilage to resist compressive loading.155 This depletion of proteoglycans 
within the articular cartilage can reduce the ability of the cartilage to maintain its load resisting 
capability during activities such as walking.36,38 Therefore, the ability to detect changes to the 
composition of articular cartilage is critical for long-term preservation of cartilage health and 
prevention of knee OA development.  
 T1 MRI is a semi-quantitative MRI technique that examines the interaction between 
macromolecules within the extracellular matrix (i.e. proteoglycans) and the water molecules 
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within the cartilage.35 Previous animal research has demonstrated that a greater dispersion of 
proteoglycans within articular cartilage significantly associates with higher T1 MRI relaxation 
times.34 Similarly, T1 MRI relaxation times are higher in individuals with diagnosed knee OA 
compared to healthy controls.87  T1 MRI relaxation times also differentiate stages of cartilage 
degradation.142  T1 MRI may be of great utility in detecting cartilage changes associated with 
knee OA. However, high costs, long acquisition times, and sparsity of availability across clinics 
make regular clinical use of T1 for monitoring cartilage health not feasible. Therefore, there is a 
need for different imaging modalities that can inform researchers and clinicians about early 
changes in articular cartilage health. 
 Ultrasound (US) has recently emerged as a reliable method for assessing articular 
cartilage thickness and cross-sectional area (CSA) in uninjured individuals113 and individuals 
with an anterior cruciate ligament (ACL) reconstruction56 who are risk for developing 
posttraumatic knee OA.98 Further, previous research using US has demonstrated that individuals 
with knee OA present with thinner and more irregular cartilage at rest compared to healthy age-
matched controls.66  Femoral cartilage cross-sectional area (CSA) has been used to reliably 
measure medial and lateral regions of interest of the femoral cartilage at rest and following a 
standardized walking protocol in young healthy individuals.55  However, no studies have 
determined the association between femoral CSA and T1 MRI to determine how femoral CSA 
relates to a previously established imaging modality that is sensitive to femoral proteoglycan 
content. Further, US measures of echo-intensity (EI) have previously been used to compare 
composition of skeletal muscle between pathological and healthy populations with pathological 
tissue demonstrating greater EI due to infiltration of fatty and fibrous tissue.103 As EI values are 
higher in the articular cartilage of individuals with knee OA compared to healthy controls,119 
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higher EI may reflect the alterations in cartilage composition (e.g. depletion of 
proteoglycans35,143,144 and disorganization of type II collagen116,171) that precede cartilage 
structural changes during the onset of knee OA.17,102 Additionally, previous studies53,55 utilizing 
US have also observed that uninjured individuals demonstrate significant cartilage deformation 
(i.e. reductions in thickness and CSA) following walking protocols on a treadmill, indicating 
acute structural changes occur in healthy cartilage following walking. As a primary function of 
femoral articular cartilage is to attenuate energy through the knee joint during movement, 
evaluating the femoral articular cartilage response to walking may provide valuable information 
on the structural integrity of the cartilage. Further, assessing acute changes in EI following 
normal walking may also inform the compositional health of the cartilage.  
In this study, we determined the associations between resting US measures of femoral 
cartilage CSA and EI and femoral T1 MRI relaxation times in individuals with symptomatic 
knee OA.  We hypothesized that lesser resting CSA and greater resting EI would associate with 
higher T1 MRI relaxation times. Next, we determined the associations between percent change 
in US measures of femoral cartilage (i.e. %  in CSA and EI) following a 3,000-step treadmill 
walking protocol and T1 MRI relaxation times. We hypothesized that greater %  in CSA and 
EI would associate with higher resting T1 MRI relaxation times. 
Methods 
Study Design 
We employed a cross-sectional design in which femoral cartilage CSA and EI, and 
femoral T1 MRI relaxation times were measured in individuals with symptomatic knee OA at a 
single timepoint. Upon arrival to the laboratory, individuals completed an assessment of their 
habitual walking speed that was used for the 3,000-step treadmill walking protocol. Participants 
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then sat on a plinth in a long-sit position with their knees fully extended for 45 minutes to unload 
the femoral articular cartilage and minimize effects of preceding activity.55 A single investigator 
performed an US assessment of the anterior femoral cartilage of the involved limb in a group of 
individuals with symptomatic, radiographically diagnosed knee OA prior to and immediately 
following a 3,000 step walking protocol on a treadmill.53 The US assessment was performed on 
the knee with previously diagnosed radiographic knee OA. In the case of an individual with 
bilateral knee OA, the involved limb was determined to be the limb that the participant self-
reported as having the most dysfunction. Additionally, on a separate day, T1 MRI was acquired 
on the same limb for all participants. All T1 MRI images were acquired within 2 weeks (11.4  
4.38 days) of the US acquisition session. 
Participants 
The participants in the current study were part of a larger study examining individuals 
with medial compartment knee OA (NCT04044612).Participants included in this study were 
confirmed to have radiographically defined knee OA (Kellgren-Lawrence [K-L] grade 2-4) and 
were between the ages of 40 and 75 years. Additionally, participants were included if they scored 
greater than 21 on the WOMAC function sub-scale.164 We excluded individuals if they had any 
of the following: body mass index (BMI) greater than 35 kg/m2, previous diagnosis of a 
cardiovascular condition restricting them from exercise, knee injection within the past 2 weeks, 
pacemaker, neurodegenerative condition, rheumatoid arthritis, cancer, neural sensory 
dysfunction over the knee, history of lower extremity orthopedic surgery within the past year, 
traumatic knee injury in the past 6-months, history of total knee arthroplasty in either extremity, 
or required an assistive device to walk. All participants provided written informed consent and 
the study was approved by the university’s institutional review board.  
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There is limited previous research comparing US derived femoral cartilage CSA and EI with T1 
MRI relaxation times in individuals with symptomatic knee OA. However, previous research 
demonstrated moderate associations (range: R2 = 0.24 - 0.45) between US and T1 weighted MRI 
measures of cartilage thickness in healthy uninjured individuals.151 Therefore, we estimated a 
moderate association (R2 = 0.35) would be observed between the US outcome measures used in 
the current study and T1 MRI relaxation times in individuals with symptomatic knee OA. In 
order to achieve 80% power with a two-tailed alpha level set at p0.05, while also accounting for 
a 15% attrition rate, we estimated that 21 individuals were needed to participate in this study 
(G*Power, v3.1.9.2).41 Due to the COVID-19 pandemic, our recruitment was stopped at 11 
individuals. With a sample size of 11 participants, we estimated that statistical significance 
would be detectable with a moderate association (R2 = 0.48) using the same rigorous parameters 
applied with the initial sample size estimation  (G*Power, v3.1.9.2).41 
Walking Speed Assessment 
Prior to conducting the treadmill walking protocol and US acquisition, habitual walking 
speed was determined using 2 sets of infrared timing gates spaced 1 meter apart (TF100, 
TracTronix). Starting approximately 4 steps prior to the first timing gate, participants were 
instructed to walk at a “normal comfortable walking speed as if they were normally walking 
down the sidewalk.” Participants completed 5 practice walking trials prior to completing 5 
additional walking trials, of which the speeds were averaged together and used for the treadmill 
walking protocol.53 
Ultrasonographic Assessment of Femoral Cartilage 
Following arrival to the laboratory, participants sat in a long-sit position on a plinth with 
their knees fully extended for 45 minutes to unload the femoral articular cartilage and reduce 
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effects of preceding activity. Three US images of the femoral cartilage of the involved limb were 
acquired immediately following the rest period. Following the pre-test US assessment, 
participants began 3,000 step treadmill walking protocol at the previously collected habitual 
walking speed. Using a modified technique from previous research in our laboratory,53,55 
participants laid flat on a plinth with their knee flexed to 130o, which was confirmed using a 
manual goniometer. A measuring tape was secured to the length of the plinth so that the position 
of the posterior calcaneus could be documented to allow for consistent lower limb positioning 
across the multiple image acquisitions. A LOGIQe US system (General Electric Co., Boston, 
MA) with a 12 MHz linear probe was used to visualize the femoral articular cartilage. The probe 
was placed transversely between the medial and lateral femoral condyles superior to the patella 
and rotated in the sagittal plane to maximize the reflectivity off the cartilage.113 A transparent 
grid was placed over the screen of the US monitor to help ensure reproducibility of each 
image.53,55 The level of the most superficial cartilage border at either edge of the image was 
recorded in order to ensure consistency in the positioning of the US probe prior to and following 
the treadmill walking protocol. The plinth on which the participants rested prior to the treadmill 
walking protocol was positioned directly behind the treadmill in order to reduce the time 
between the conclusion of the stress test and US image acquisition. All post-walking images 
were captured within 60 seconds of the conclusion of the treadmill walking protocol.  
Ultrasonographic Image Processing 
All US images were analyzed using the ImageJ software (National Institutes of Health, 
Bethesda, MD) by multiple trained investigators who were blinded to the time point (i.e. pre- and 
post-walking). All investigators who analyzed the US images demonstrated high inter-rater 
reliability using intra-class correlation coefficients (ICC2,k > 0.90).129 Femoral cartilage CSA 
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(mm2) was segmented using a polygon function for each of the three images at each time point 
from which the area was calculated and averaged. Further, the total femoral cartilage CSA was 
segmented into medial and lateral regions based upon the center of the intercondylar notch, 
which corresponded with the center line on the transparency grid used during image 
acquisition.52,55,129 Femoral cartilage EI (a.u.: arbitrary unit) was calculated as the average 
greyness of the image for each pixel within each region (i.e. total, medial, and lateral).55,56 
Percent change (% ) scores were calculated for CSA and EI measures using equation 1 in order 




%  = ( [meanpost - meanpre] / meanpre ) * 100 
 
Treadmill Walking Protocol 
Participants walked on a treadmill (4Front, WOODWAY, Waukesha, WI) at their self-
selected speed for 3,000 steps while wearing a pedometer (OneTweak, Austin, TX) secured to 
the right hip in order to collect real-time step count data during the walking protocol.. The 
pedometer visually displayed real-time step counts for the investigators to monitor. At the 3,000-
step count, the treadmill was paused and the participants immediately were re-positioned on the 
plinth for post-walking US acquisition.  
Magnetic Resonance Image Acquisition 
T1 MRI were acquired using a Siemens Magnetom PRISMA 3T PowerPack scanner. 
After arriving to the imaging center, participants sat for 45 minutes to unload the knee cartilage. 
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All T1 MRI images were collected within 2 weeks of the US acquisition session (11.4  4.38 
days). We used a T1 prepared three-dimensional Fast Low Angle Shot (FLASH) with a spin-
lock power at 500Hz, five different spin-lock durations (80, 60, 40, 20, 0 ms) and a voxel size of 
0.8mm x 0.4mm x 3mm (field of view= 288mm, slice thickness=3.0mm, repetition time (TR) = 
9.2ms, echo time (TE) = 4.6ms, averaging = 1, bandwidth= 350Hz, acquisition time range: 700-
900 seconds [depending on the number of slices], range of number of slices acquired= 28-36 
slices, 160 × 320 matrix, gap= 0mm, flip angle=10°, echo-train duration time= 443ms, phase 
encode direction of anterior/posterior).  
Magnetic Resonance Image Segmentation 
The articular cartilage of the medial and lateral femoral condyles was manually 
segmented using the ITK-Snap software175 on the T1 MRI image acquired during the 0 ms 
spin-lock. Previous research from our laboratory has demonstrated strong reliability for our 
manual segmentation technique for all regions of interest (ROI) (intra-rater reliability, N=8, ICC 
= 0.80-0.97; inter-segmentor reliability, N=10, ICC = 0.75-0.98).134 Following the segmentation 
of the medial and lateral femoral (MFC & LFC) condyles, the articular cartilage for each of these 
ROI was further sub-sectioned into three ROI based upon the location of the meniscus in the 
sagittal plane.130,134 The 5 ROI that were sub-sectioned represent load-bearing regions of the 
femoral condyle and included: 1) the cartilage anterior to the anterior horn of the meniscus 
(Anterior, MFC/LFC-1) 2) the cartilage overlying the anterior horn of the meniscus (Anterior-
meniscus, MFC/LFC-2); 3) the central portion of the cartilage that lies between the anterior and 
posterior horns of the meniscus (Central, MFC/LFC-3); 4) the cartilage overlying the posterior 
horn of the meniscus (Posterior-meniscus, MFC/LFC-4), and 5) the cartilage posterior to the 
posterior horn of the meniscus (Posterior, MFC/LFC-5).   
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T1 MRI Relaxation Time Quantification 
Voxel by voxel T1 relaxation maps were constructed from a five-image sequence using 
a MatLab program (MatLab R2014b [8.4.0] MathWorks, Natick, MA, USA) with the following 
equation: S(TSL) = S0 exp(-TSL/T1). In this equation TSL is the duration of the spin-lock time, 
S0 is signal intensity when TSL equals zero, S corresponds to signal intensity, and T1 is the T1 
relaxation time in the rotating frame. The previous segmentation completed on the 0 ms spin-
lock time was transposed over the T1 relaxation map to determine relaxation times for each 
ROI within each condyle. A mean of the T1 relaxation times for each ROI was calculated using 
the ITK-SNAP software.175 Higher T1 relaxation times are interpreted as lesser proteoglycan 
density within the articular cartilage.141,142,160 
Statistical Analysis  
Means and standard deviations for all demographic, US, and T1 MRI relaxation time 
data were calculated. Stem and leaf plots were used to identify potential outliers, which were 
defined as a data point that measured >3 standard deviations from the mean for all outcomes. If a 
statistical outlier was detected, it was removed from the analysis. Additionally, %  scores were 
calculated for the total, medial, and lateral CSA and EI of the involved limb and used for 
analysis, with a greater negative %  in CSA indicating greater deformation of the femoral 
cartilage and a greater negative %  in EI indicating a darkening of the image. 
Associations between US Outcomes and T1 MRI Relaxation Times 
We conducted separate linear regression models to determine the amount of variance in 
the mean T1 relaxation time for each ROI (criterion variable) explained by each US outcome 
(predictor variables: resting CSA, resting EI, %  in CSA, %  in EI), respectively. Owing to the 
preliminary nature of this study and the relatively small sample size, we initially conducted the 
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linear regression models without adjusting for any potential covariates. The strengths of these 
unadjusted comparisons were determined using standardized beta () coefficients values and 
described as negligible (0.0-0.29), low (0.30-0.49), moderate (0.50-0.69), high (0.70-0.89), and 
very high (0.9-1.0).110  
Post Hoc Analyses  
For primary regression analyses classified as moderate or higher (i.e.  > 0.50), we 
conducted post hoc analyses to determine the strength of the association between predictor (US 
outcome) and criterion variables (T1 MRI relaxation times) after accounting for potential 
covariates (KL score, self-selected walking speed, patient-reported outcomes of physical 
function [WOMAC-function], age, and BMI), separately. We chose these covariates as previous 
research has demonstrated that KL scores significantly associate with medial femoral T1 MRI 
relaxation times in individuals with knee osteoarthritis.82 Furthermore, self-selected gait speed127 
and patient-reported outcomes133 significantly associate with T1 MRI relaxations times in 
individuals with an anterior cruciate ligament reconstruction who are at risk for developing 
posttraumatic osteoarthritis.97 In individuals without osteoarthritis or knee injury, age45 and 
BMI25 significantly associate with T1 MRI relaxation times. Therefore, in order to preserve 
statistical power, we conducted individual regression models where a covariate was added to the 
model, prior to the predictor variable, to remove the variance in the criterion variable 
independently associated with that specific covariate. The change in R2 (R2) and the 
standardized  coefficient were reported for the predictor variable after the inclusion of the 
covariate. The two-tailed level of significance was set a priori at p0.05 and all statistical 
analyses were performed using the Statistical Package for the Social Sciences (SPSS, version 21, 





 The demographics of the participants included in this study can be found in Table 1. No 
outliers were found for any demographic variables (Table 6), US outcome for any region (Table 
6), or mean T1 MRI relaxation time for any ROI (Table 7).  
Associations between Resting US Outcomes and Mean T1 MRI Relaxation Times 
Resting CSA and EI for all regions did not significantly associate with mean T1 MRI 
relaxation times for any ROI for the medial or lateral femoral condyle (Tables 8 & 9). A 
moderate, non-significant association was detected between lesser resting lateral EI and higher 
mean T1 MRI relaxation times in the Posterior-meniscus (LFC-4 ; R2=0.267, =-0.517 
p=0.103). All other associations were classified as negligible (70%) or low (27.5%). 
Associations between Percent Change in US Outcomes and Mean T1 MRI Relaxation Times 
Greater deformation of the total femoral CSA (i.e. more negative %  in total CSA) 
following the treadmill walking protocol significantly associated with higher mean T1 MRI 
relaxation times in the Anterior (MFC-1: R2=0.569, =-0.754, p=0.007) and Anterior-Meniscus 
(MFC-2: R2=0.593, =-0.770, p=0.006) ROIs (Table 8). Similarly, greater deformation of the 
medial femoral CSA significantly associated with higher mean T1 MRI relaxation times in the 
Anterior (MFC-1: R2=0.480, =-0.693, p=0.018) and Anterior-Meniscus (MFC-2: R2=0.362, =-
0.602, p=0.050) ROIs (Table 8). %  in total EI, medial EI, lateral CSA, and lateral EI did not 
significantly associate with mean T1 MRI relaxation times for any ROI for the medial or lateral 
femoral condyle (Tables 8 & 9). Nine of the unadjusted comparisons (23%) between %  US 
outcomes and mean T1 MRI relaxation times were classified as moderate strength (i.e.   
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0.50, Tables 8 & 9). All other comparisons were classified as either negligible (42%) or low 
(35%, Tables 8 & 9). 
Post Hoc Analysis: Associations between Ultrasonographic Outcomes and Mean T1 MRI 
Relaxation Times after Adjusting for Potential Covariates 
 Greater deformation of the total femoral CSA (i.e. more negative %  in total CSA) 
remained significantly associated with higher T1 MRI relaxation times in the Anterior (MFC-1) 
and Anterior-Meniscus (MFC-2) ROIs after adjusting for age, BMI, gait speed, WOMAC-
function, and KL score (Table 10). Greater deformation of the medial femoral CSA remained 
significantly associated with higher T1 MRI relaxation times in the Anterior (MFC-1) after 
accounting for age, BMI, WOMAC-function, and KL score (Table 5). Further, greater 
deformation of the medial femoral CSA remained significantly associated with higher T1 MRI 
relaxation times in the Anterior-Meniscus (MFC-2) after accounting for age, WOMAC-function, 
and KL score (Table 10). 
 After accounting for BMI (R2=0.210, =0.463, p=0.046) and KL Score (R2=0.567, 
=0.826, p=0.006), lesser deformation of the total femoral CSA significantly associated with 
higher T1 MRI relaxation times in the Posterior-Meniscus (LFC-4) ROI of the lateral femoral 
condyle (Table 10). After accounting for BMI (R2=0.542, =0.895, p=0.015) and gait speed 
(R2=0.449, =0.761, p=0.034), lesser %  in total femoral EI significantly associated with 
higher T1 MRI relaxation times in the Anterior (LFC-1) ROI of the lateral femoral condyle 
(Table 10). After accounting for age (R2=0.369, =0.609, p=0.001), lesser %  in total femoral 
EI significantly associated with higher T1 MRI relaxation times in the Anterior-Meniscus 
(LFC-2) ROI of the lateral femoral condyle (Table 10). Finally, after accounting for age 
(R2=0.333, =0.578, p=0.003), lesser %  in lateral femoral EI significantly associated with 
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higher T1 MRI relaxation times in the Anterior-Meniscus (LFC-2) ROI of the lateral femoral 
condyle (Table 10). 
Discussion 
 Contrary to our hypothesis, there were no significant associations between T1 MRI 
relaxation times and resting CSA or EI in individuals with knee OA. Consistent with our 
hypothesis, greater deformation of the total and medial femoral CSA significantly associated 
with higher T1 MRI relaxation times in the cartilage of the anterior-medial femoral condyle. 
Further, these associations remained significant after accounting for specific covariates (i.e. age, 
BMI, self-selected gait speed, WOMAC-function, and KL Score). Additionally, after accounting 
for age, BMI, self-selected gait speed, WOMAC-function, and KL Score, lesser deformation of 
the total femoral CSA, as well as lesser %  in total and lateral femoral EI significantly 
associated with higher T1 MRI relaxation times in the cartilage of the anterior-lateral and 
posterior-lateral femoral condyle. This is the first study to demonstrate that the cartilage response 
to cyclical loading associates with MRI markers of cartilage composition in individuals with 
knee OA. This is significant as US may serve as a viable tool for regular assessment of cartilage 
changes that are associated with knee OA progression. Utilizing US may also provide clinicians 
with a more feasible method of determining cartilage composition which may be important for 
determining an early response to novel intervention strategies aimed at slowing the progression 
of knee OA. 
 During the progression of knee OA, articular cartilage undergoes compositional changes 
that precede structural changes.35,116,141,142,171 The depletion of proteoglycans within the 
extracellular matrix that occurs during the progression of knee OA alters the osmotic properties 
of the cartilage, which can lead to an increased permeability of the extracellular matrix.166 This 
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increased permeability can lead to increases in the water content within the extracellular 
matrix.108,166 Further, increases in the water content of the extracellular matrix can reduce the 
capacity of the cartilage to withstand mechanical loading, which can lead to progressive changes 
in cartilage volume over time.35,141,142,155 Compositional changes to cartilage are theorized to 
govern the overall volume of the cartilage and, therefore, the structural response of the cartilage 
to mechanical loading during physical activity, such as walking.37 Therefore, utilizing a cartilage 
“stress test,” such as a treadmill walking protocol, to measure the response of cartilage to 
physical activity may provide an alternative method for assessing a change in structure and 
compositional integrity of the cartilage. The current study demonstrated that a resting measure of 
cartilage composition (T1 MRI relaxation times) significantly associates with the structural 
response of cartilage (%  in CSA) assessed using US. Therefore, the current study provides 
preliminary evidence that the compositional health of cartilage, specifically the proteoglycan 
density, may be inferred using US. Future studies with larger sample sizes should evaluate this 
relationship further to determine the ability of US to assess components of cartilage composition.  
 We did not find significant associations between resting US outcomes and mean T1 
MRI relaxation times in individuals with knee OA. Along with the relatively small sample size 
of the current study, the range of severity of knee OA within our cohort may have influenced 
these findings. Previous research has demonstrated that cartilage volume assessed using MRI is 
significantly different in individuals with knee OA based on KL score, with individuals with 
higher KL scores demonstrating lesser cartilage volume.51 As such, it is possible that the US 
outcomes and T1 MRI relaxation may be significantly different between individuals with 
different KL scores. Within the sample of the current study, 27.3% of individuals had a KL score 
of 2 (mild OA), 54.5% of individuals had a KL score of 3 (moderate OA), and 18.2% of 
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individuals had a KL score of 4 (severe OA). Therefore, it is possible that the unequal 
percentages of KL scores within the small sample size of this study may have influenced the lack 
of significant associations between resting US outcomes and T1 MRI relaxation times. Further, 
while we performed post hoc analyses with KL score inserted as a covariate for all associations 
with moderate magnitudes, we did not include KL score as a covariate for all primary 
comparisons in order to preserve statistical power. Future studies should evaluate resting US 
outcomes and compositional imaging modalities (i.e. T1 MRI) in larger cohorts of individuals 
with knee OA with equal distributions of KL scores.  
 The majority of the significant associations between %  in femoral CSA and mean T1 
MRI relaxation times were observed within the most anterior regions of the femoral cartilage. 
The US acquisition technique used in the current study is only able to assess a single portion of 
the anterior femoral cartilage. However, previous studies have used US to evaluate cartilage 
throughout the knee joint in individuals with knee OA. Specifically, Podlipská et al136 utilized a 
“wide-area US scanning” technique, which evaluated cartilage further posterior within the joint 
that was hypothesized to include the weight-bearing region of the cartilage. Further, the authors 
developed articular cartilage degeneration grades that were based on multiple degenerative 
changes to the cartilage (i.e. increased echogenicity [brightness], local thinning, loss of surface 
sharpness) assessed using US.136 This previous study demonstrated that greater degenerative 
cartilage changes associated with worse patient-reported outcomes in individuals with knee 
OA.136 The findings of Podlipská et al,136 demonstrate that US can be used to assess cartilage 
within regions of the weight-bearing cartilage and that these outcomes may have clinical 
significance. Further, the current study found that US outcomes of cartilage structure (%  in 
CSA) significantly associate with previously established imaging modalities (T1 MRI) that are 
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sensitive to compositional alterations in the cartilage. Together, these findings highlight the 
potential of US to be a critical tool for assessing clinically relevant changes within the joint. 
However, further evaluation in novel techniques for detection of cartilage changes that are 
associated with knee OA progression, using US, is needed.  
 The findings of the current study demonstrated negative associations between a more 
negative %  in CSA and higher T1 MRI relaxation times in the medial region of the knee. 
However, after accounting for covariates (age, BMI, self-selected gait speed, and KL scores) in 
individual regression models, positive associations were observed between more positive %  in 
CSA and EI with higher T1 MRI relaxation times in the lateral region of the knee. The 
participants in the current study were part of a larger study examining individuals with medial 
compartment knee OA (NCT04044612). It is possible that evaluating individuals with a 
diagnosis of medial compartment knee OA may have influenced the discrepancies in the nature 
of our findings between the medial and lateral compartments. Knee OA is more prevalent in the 
medial compartment of the knee compared to the lateral compartment,8,162 which has been 
theorized to be due, in part, to the greater magnitudes of loading through the medial 
compartment during walking.150 Therefore, it is not surprising that differences in the directions 
of the associations were detected between the medial and lateral compartment. However, future 
studies with larger sample sizes should evaluate the effect of medial or lateral tibiofemoral 
compartment OA on  US outcomes, as well as T1 MRI relaxation times, in order to ascertain 
whether the location of knee OA may influence these findings.    
 While the current study provides a novel comparison of US to T1 MRI relaxation times 
in individuals with knee OA, there are limitations to this study that should be considered. The 
sample size of the current study was relatively small. Therefore, the findings of the current study 
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should be considered hypothesis generating and may justify the need for future studies to 
evaluate or confirm our preliminary findings using larger sample sizes. We were only able to 
visualize and assess a portion of the anterior femoral cartilage and not the central and posterior 
regions of the cartilage. As the central and posterior regions are likely to undergo the majority of 
loading during walking,4 future studies should seek to determine if different US acquisition 
techniques may be able to assess the entire medial and lateral femoral condyles. While the 
current study evaluated T1 MRI relaxation times to assess a specific measure of cartilage 
composition, other imaging sequences are used to evaluate different components of cartilage 
composition, such as type II collagen orientation (i.e. T2 mapping).117,171 Therefore, future 
studies should utilize multiple imaging modalities in comparison with US to provide a more 
comprehensive assessment of the usefulness of US in evaluating articular cartilage.  
Conclusion 
 The current study demonstrated that greater negative changes in cartilage CSA, following 
a 3,000-step treadmill walking protocol, significantly associated with greater T1 MRI 
relaxation times in the anterior-medial compartment of the knee in individuals with knee OA. 
Additionally, greater positive changes in cartilage CSA and EI, following a 3,000-step treadmill 
walking protocol, significantly associated with greater T1 MRI relaxation times in the anterior-
lateral compartments of the knee in individuals with knee OA. These findings provide 
preliminary evidence that US may be a viable tool for assessing articular cartilage composition, 
compared to previously established imaging modalities, in individuals with knee OA. Future 
research with larger sample sizes is needed to further determine the clinical relevance of the US 
outcomes used in the current study, in order to determine whether US may be an effective 
method for regular assessment of cartilage changes associated with the progression of knee OA.  
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Table 6: Means  Standard Deviations for all Demographic and US Outcomes 
Demographics 
N 11 (6 female, 5 male) 
Age (years) 57.55  9.66 
Body Mass Index (kg/m2) 27.70  4.36 
Kellgren-Lawrence Score 2.91  0.70 
Walking Speed (meters/second) 1.19  0.18 
WOMAC Function Score 24.73  5.33 
Cross-Sectional Area US Outcomes 
Total Pre (mm2) 87.63  18.06 
Total Post (mm2) 86.48  18.14 
Total Percent Change (%) -1.27  6.23 
Medial Pre (mm2) 45.75  10.40 
Medial Post (mm2) 45.85  9.94 
Medial Percent Change (%) 0.94  10.36 
Lateral Pre (mm2) 41.88  11.47 
Lateral Post (mm2) 40.76  11.12 
Lateral Percent Change (%) -2.25  8.31 
Echo-Intensity US Outcomes 
Total Pre (a.u.) 47.12  3.94 
Total Post (a.u.) 48.01  5.57 
Total Percent Change (%) 1.77  6.20 
Medial Pre (a.u.) 46.07  4.39 
Medial Post (a.u.) 47.64  4.14 
Medial Percent Change (%) 3.63  5.65 
Lateral Pre (a.u.) 49.11  8.17 
Lateral Post (a.u.) 49.32  11.10 











Table 7: Means  Standard Deviations for T1 MRI Relaxation Times 
Region of Interest (ms) Mean  Standard Deviation 
MFC-1  80.25  3.15 
MFC-2  76.85  5.35 
MFC-3  69.24  8.68 
MFC-4  74.24  8.09 
MFC-5  75.46  8.07 
LFC-1  79.08  6.36 
LFC-2  65.92  6.15 
LFC-3  64.63  5.86 
LFC-4  73.99  7.61 
LFC-5  77.47  11.31 



















Table 8: Unadjusted comparisons between US outcome measures and T1 MRI 
relaxation times in the medial femur 
Medial Compartment 
 MFC-1 MFC-2 MFC-3 MFC-4 MFC-5 
Variable R2,  ( 
p-value) 
R2,  ( 
p-value) 
R2,   
(p-value) 
R2,   
(p-value) 

































































































































*indicates significant association (p0.05), †indicates an association of  moderate 
strength 
CSA: femoral cross-sectional area, EI: femoral echo-intensity, MFC: medial femoral 
condyle, BMI: body mass index, KL: Kellgren-Lawrence, WOMAC: Western 








Table 9: Unadjusted comparisons between US outcome measures and T1 MRI 
relaxation times in the lateral femur 
Lateral Compartment 
 LFC-1 LFC-2 LFC-3 LFC-4 LFC-5 
Variable R2,   
(p-value) 
R2,   
(p-value) 
R2,   
(p-value) 
R2,   
(p-value) 





























































































































*indicates significant association (p0.05), †indicates an association of  moderate 
strength 
CSA: femoral cross-sectional area, EI: femoral echo-intensity, LFC: lateral femoral 
condyle, BMI: body mass index, KL: Kellgren-Lawrence, WOMAC: Western Ontario 









Table 10: Adjusted comparisons between US outcome measures and T1 MRI 
relaxation times 
  Adjusted for Specific Covariates 
 Unadjusted Age BMI Gait 
Speed 










































































































































































































































CHAPTER 7: MANUSCRIPT 3 
 
ASSOCIATIONS BETWEEN ULTRASOUND OUTCOME MEASURES OF KNEE 




Knee osteoarthritis (OA) is associated with mobility impairments and decreased physical 
activity, which contribute to knee OA being the 11th leading cause of global disability.28 While 
knee OA progression can elicit harmful changes to multiple structures within the knee joint, such 
as subchondral bone, synovium, ligaments, and menisci,137 degradation of tibiofemoral articular 
cartilage leading to cartilage thinning is one of the hallmark characteristics of knee OA.60 Prior to 
structural changes, such as cartilage thinning, compositional alterations to the extracellular 
matrix (i.e. depletion of proteoglycans94,143 and disorganization of type II collagen fibers117,172) 
occur and can reduce the ability of cartilage to effectively attenuate loads at the knee joint during 
activities like walking.88 Proteoglycans are responsible for providing articular cartilage with 
osmotic properties that serve to retain water within the extracellular matrix and allow the 
cartilage to respond effectively to compressive loads.155 Therefore, the ability to monitor 
compositional changes to articular cartilage, such as proteoglycan content, is critical to 
implementing therapeutic strategies aimed at preserving long term cartilage health and 
preventing the progression of knee OA. 
 Ultrasound (US) has recently emerged as a valid and reliable tool for assessing articular 
cartilage thickness and cross-sectional area in uninjured individuals,52,55,129 as well as individuals 
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with a traumatic knee injury who are at a heightened risk for developing posttraumatic knee 
OA.56,122 Further, US measures of echo-intensity (EI) are higher in individuals with knee OA 
compared to healthy controls,119 and may be indicative of the relative water content within the 
articular cartilage, with greater EI indicating greater water content within the cartilage.88 
Additionally, previous studies,53,55 utilizing US, have also observed that uninjured individuals 
demonstrate significant cartilage deformation (i.e. reductions in thickness and CSA) following 
walking protocols on a treadmill, demonstrating acute structural changes occur in healthy 
cartilage following walking. As a primary function of femoral articular cartilage is to attenuate 
energy through the knee joint during movement, evaluating the femoral articular cartilage 
response to walking may provide valuable information on the structural integrity of the cartilage. 
Assessing acute changes in EI following normal walking may also indicate changes in the 
compositional of the cartilage. 
 Previous research has theorized that cartilage becomes accustomed to normal loading 
patterns during repetitive, cyclical activities like walking.5,6 However, aberrant gait 
biomechanics may have deleterious effect on cartilage health due to the repetitive nature of 
loading during walking.6 During the development of knee OA, ambulatory changes are 
commonly observed during walking and may contribute to the progression of knee OA by 
altering tibiofemoral contact characteristics and may lead to harmful changes within the joint 
associated with knee OA progression.3,22,149 Therefore, understanding how walking 
biomechanics associate with measures of articular cartilage in individuals with knee OA will 
further our understanding of how specific biomechanical outcome measures directly influence 
cartilage health. Further, understanding this relationship will assist in the development of focused 
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treatment strategies aimed at preserving long-term cartilage health and preventing the 
progression of knee OA.  
In this study, we first determined the associations between walking biomechanics (peak 
vertical ground reaction force [vGRF], instantaneous vGRF loading rate [INST-LR], peak 
internal knee abduction moment [KAM], peak internal knee extension moment [KEM], peak 
knee flexion angle [KFA], and knee flexion excursion [KFE]) and US measures of CSA and EI 
at rest and following a treadmill walking protocol in individuals with symptomatic knee OA. We 
hypothesized that greater INST-LR and KAM, as well as lesser vGRF, KEM, KFA, and KFE 
would associate with lesser resting CSA and greater resting EI. Further, we hypothesized that 
greater INST-LR and KAM, as well as lesser vGRF, KEM, KFA, and KFE would significantly 
associate with a greater negative percent change in CSA as well as a greater positive percent 
change in EI following the walking protocol.  
Methods 
Study Design 
The current study employed a cross-sectional design in which, during a single testing 
session, femoral cartilage CSA and EI were measured in individuals with symptomatic knee OA 
prior to and following a 3,000-step treadmill walking protocol at habitual walking speed. Upon 
arrival to the laboratory, individuals completed an assessment of their habitual walking speed 
that would be used for the 3,000-step treadmill walking protocol and the walking biomechanics 
assessment. Participants sat on a plinth in a long-sit position with their knees fully extended for 
45 minutes to unload the femoral articular cartilage and minimize effects of preceding activity on 
the articular cartilage.55 A single investigator performed an US assessment of the anterior 
femoral cartilage of the involved limb in a group of individuals with symptomatic, 
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radiographically diagnosed knee OA prior to and immediately following a 3,000 step walking 
protocol on a treadmill.53 The US assessment was performed on the knee with previously 
diagnosed radiographic knee OA. In the case of an individual with bilateral knee OA, the 
involved limb was determined to be the limb that the participant self-reported as having the most 
dysfunction. During that same testing session, following the 3,000-step treadmill walking 
protocol, all participants completed 5 trials of over ground walking at their habitual walking 
speed, to evaluate walking biomechanics.  
Participants 
Participants included in this study were confirmed to have radiographically defined knee 
OA (Kellgren-Lawrence [K-L] grade 2-4) and were between the ages of 40 and 75 years old. 
Additionally, participants were included if they scored greater than 21 on the WOMAC function 
sub-scale, indicating a high degree of physical dysfunction.164 We excluded individuals if they 
had any of the following: body mass index (BMI) greater than 35 kg/m2, previous diagnosis of a 
cardiovascular condition restricting them from exercise, knee injection within the past 2 weeks, 
pacemaker, neurodegenerative condition, rheumatoid arthritis, cancer, neural sensory 
dysfunction over the knee, history of lower extremity orthopedic surgery within the past year, 
traumatic knee injury in the past 6-months, history of total knee arthroplasty in either extremity, 
or required an assistive device to walk. All participants provided written informed consent and 
the study was approved by the university’s institutional review board. Previous research 
demonstrated a significant association between walking biomechanics and US outcomes (R2 = 
0.35),122 in individuals with an anterior cruciate ligament reconstruction (ACLR) who are at a 
heightened risk for OA development.98 Therefore, we estimated a similar moderate association 
would be detected between walking biomechanics and US outcome measures in individuals with 
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symptomatic knee OA. We estimated that we would need 24 individuals in order to achieve 80% 
power with an alpha level set at p0.05, while accounting for a 15% attrition rate (G*Power, 
v3.1.9.2).41  
Walking Speed Assessment 
Prior to the treadmill walking protocol treadmill and US acquisition, over ground habitual 
walking speed was determined using 2 sets of infrared timing gates spaced 1-meter apart (TF100, 
TracTronix). Starting approximately 4 steps before the first timing gate, participants were 
instructed to walk at a “normal comfortable walking speed as if they were normally walking 
down the sidewalk.” Participants completed 5 practice walking trials prior to completing 5 
additional walking trials, of which the speeds were averaged together and used for the treadmill 
cartilage stress test. Additionally, this walking speed was used for the biomechanics assessment 
completed later in the testing session. 
Ultrasonographic Assessment of Femoral Cartilage 
Following arrival to the laboratory, participants sat in a long-sit position on a plinth, with 
their knees fully extended, for 45 minutes in order to unload the femoral articular cartilage and 
reduce effects of preceding activity on the cartilage. Three US images of the femoral cartilage of 
the involved limb were acquired immediately following the rest period. Following the 45 
minutes of resting on a plinth, participants began 3,000 step treadmill walking protocol at the 
previously collected habitual walking speed. Using a modified technique from previous research 
in our laboratory,53,55 participants laid flat on a plinth with their knee flexed to 130o, which was 
confirmed using a manual goniometer. The previous US acquisition technique from our 
laboratory55,56,129,131 positioned healthy individuals to 140o of knee flexion, however in order to 
reduce the potential for pain during the US acquisition, individuals with knee OA were 
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positioned to 130o of knee flexion. A measuring tape was secured to the length of the plinth so 
that the position of the posterior calcaneus could be documented to allow for consistent lower 
limb positioning across the multiple image acquisitions. A LOGIQe US system (General Electric 
Co., Boston, MA) with a 12 MHz linear probe was used to visualize the femoral articular 
cartilage. The probe was placed transversely between the medial and lateral femoral condyles 
superior to the patella and rotated in the sagittal plane to maximize the reflectivity off the 
cartilage.113 A transparent grid was placed over the screen of the US monitor to help ensure 
reproducibility of each image.53,55 The level of the most superficial cartilage border at either edge 
of the image was recorded in order to ensure consistency in the positioning of the US probe prior 
to and following the treadmill walking protocol. The plinth on which the participants rested prior 
to the treadmill walking protocol was positioned directly behind the treadmill in order to reduce 
the time between the conclusion of the stress test and US image acquisition. All post-walking 
images were captured within 60 seconds of the conclusion of the treadmill walking protocol. 
Ultrasonographic Image Processing 
All US images were analyzed using the ImageJ software (National Institutes of Health, 
Bethesda, MD) by multiple trained investigators who were blinded to the time point (i.e. pre- and 
post-walking). All investigators who analyzed the US images demonstrated high inter-rater 
reliability using intra-class correlation coefficients (ICC2,k > 0.90).129 Femoral cartilage CSA 
(mm2) was segmented using a polygon function for each of the three images at each time point 
from which the area was calculated and averaged. Further, the total femoral cartilage CSA was 
segmented into medial and lateral regions based upon the center of the intercondylar notch, 
which corresponded with the center line on the transparency grid used during image 
acquisition.52,55,129 Femoral cartilage EI (a.u.: arbitrary unit) was calculated as the average 
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greyness of the image for each pixel within each region (i.e. total, medial, and lateral).55,56 
Percent change (% ) scores were calculated for CSA and EI measures using equation 1 in order 




%  = ( [meanpost - meanpre] / meanpre ) * 100 
 
Treadmill Walking Protocol 
Participants walked on a treadmill (4Front, WOODWAY, Waukesha, WI) at their self-
selected speed for 3,000 steps while wearing a pedometer (OneTweak, Austin, TX) secured to 
the right hip in order to collect real-time step count data during the walking protocol. The 
pedometer visually displayed real-time step counts for the investigators to monitor. At the 3,000-
step count, the treadmill was paused and the participants immediately were re-positioned on the 
plinth for post-walking US acquisition.  
Walking Biomechanics Assessment 
Walking gait kinetics and kinematics were assessed using a ten camera 3-dimensional 
motion capture software (Vicon, Nexus) and two separate force plates (40 x 60 cm, FP406010, 
Bertec Corporation, Columbus, Ohio, United States). Kinematic data was sampled at 120Hz and 
lowpass filtered at 10 Hz (4th order recursive Butterworth), while kinetic data were sampled at 
1200 Hz and low-pass filtered at 75 Hz (4th order recursive Butterworth).30 For all walking trials, 
participants wore comfortable walking shoes. Using a modified Helen Hayes marker set,67 all 
participants were outfitted with 25 retroreflective markers, along with a cluster of 3 additional 
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markers secured over the sacrum as previously reported.130 A static trial was captured while the 
participant stood with arms positioned at 90 degrees of shoulder abduction to estimate the 
location of the landmarks needed to calculate joint centers. Markers placed on the medial 
epicondyles and malleoli were removed during data collection to ensure medial knee and ankle 
markers would not contact each other, or influence the usual movements of the participants 
during the walking trials. Knee and ankle joint centers were defined as the midpoint between the 
medial and lateral condyles and malleoli, respectively. The hip joint center was estimated from 
the coordinates of the L4-5, right anterior superior iliac spine (ASIS), and left ASIS markers 
using the Bell method.20 Joint angles were defined based on the position of the distal segment 
relative to the proximal segment using the Euler method with the following planes of rotational 
motion: sagittal (y-axis), frontal (x-axis), and transverse (z-axis).72 Similar to the walking speed 
analysis, individuals were instructed to walk at a “normal comfortable walking speed as if they 
were walking down the sidewalk.” Participants completed 5 practice walking trials in order to 
allow the participants an ample amount of time to reacclimate to walking within the motion 
capture area of the laboratory. Following the practice trials, participants performed 5 test trials 
during which they were required to: 1) strike a single force plate with the foot of the involved 
limb, 2) maintain walking speed within ±5% of the average speed, and 3) not display any 
noticeable alterations to gait during the trial, such as a stutter-step.128 The stance phase for 
walking gait was defined as the interval from initial ground contact (vGRF > 20N) to toe-off 
(vGRF < 20N). All walking biomechanics were extracted from the first 50% of the stance phase 
and all data were averaged across the 5 trials. INST-LR was calculated as the peak of the first 
derivative of the force-time curve.10 Peak vGRF (BW) and INST-LR (BW/s) were normalized to 
body weight.10 KAM and KEM were calculated using an inverse dynamics approach, normalized 
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to the product of body weight and height (BW*Height), and were expressed as internal moments 
with greater KAM and KEM being expressed with more negative values. KFA was calculated 
referenced to the thigh segment coordinate system using Euler angles such that flexion 
represented a positive value.30,96 KFE was calculated as the difference in peak KFA in the first 
50% of stance and KFA at initial contact.  
Statistical Analysis  
Means and standard deviations for all demographic, US, and biomechanical data were 
calculated. Stem and leaf plots were used to identify potential outliers, which were defined as a 
data point that measured >3 standard deviations from the mean for all outcomes. If a statistical 
outlier was detected, it was removed from the analysis. Additionally, percent change scores were 
calculated for the total, medial, and lateral CSA and EI of the involved limb and used for 
analysis, with a greater negative percent change in CSA indicating greater deformation of the 
femoral cartilage and a greater negative percent change in EI indicating a darker US image. 
Associations between US Outcomes and Walking Biomechanics 
Separate, stepwise linear regressions were performed to determine the amount of variance 
in each US outcome (i.e. resting CSA, resting EI, %  in CSA, %  in EI) explained by peak 
vGRF, INST-LR, KAM, KEM, KFA, and KFE (predictor variables), individually. Self-selected 
walking speed and KL score were entered into the regression models as covariates prior to the 
biomechanical variable of interest, as KL score significantly associates with T1 magnetic 
resonance imaging relaxation times,82 which are sensitive to changes in cartilage composition 
(i.e. proteoglycan depletion)35,142,143 and self-selected walking speed associates with US 
outcomes following a bout or normal walking. After accounting for walking speed and KL score, 
we determined the unique contribution of each predictor variable (vGRF, INST-LR, KAM, 
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KEM, KFA, and KFE) for the involved limb on the variance associated with each US outcome of 
interest (resting CSA, resting EI, %  in CSA, %  in EI) for each region of the femoral 
cartilage.  
Post Hoc Analysis 
 Previous research131 evaluating US femoral CSA in healthy individuals stratified 
participants based on the magnitude of change following a standardized walking protocol after 
discovering that certain participants demonstrated a negative percent change in CSA following 
the standardized treadmill walking protocol (i.e. compressive deformation), while others did not.  
Further, previous research from our lab (Manuscript 1) calculated MDC values for total CSA 
(1.418 mm2) in individuals with knee OA to determine the amount of articular cartilage 
deformation that may be expected due to measurement error. Using this criterion, we stratified 
our entire cohort into two. The first group, classified as CSA Decreasers, was defined as 
individuals who demonstrated a decrease in total CSA ≥ 1.418 mm2 following the standardized 
treadmill walking protocol. The second group, classified as CSA Increasers, was defined as 
individuals who demonstrated an increase in total CSA ≥ 1.418 mm2 following the standardized 
treadmill walking protocol. Twenty five of the 27 participants in this study were stratified into 
either the CSA Decreaser or CSA Increaser group; however, 2 participants demonstrated a 
change in total CSA following the standardized treadmill walking protocol that did not exceed 
the previously calculated MDC in either direction. Therefore, those 2 participants were excluded 
from the post hoc analyses. 
First, independent t-tests were used to compare demographics, US outcomes, and walking 
biomechanics between the CSA Decreaser and CSA Increaser groups (Tables 1 & 2). Next, we 
performed similar stepwise linear regressions for the CSA Decreasers and CSA Increasers, 
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separately, to determine the amount of variance in each US outcome (i.e. resting CSA, resting EI, 
%  in CSA, %  in EI) explained by peak vGRF, INST-LR, KAM, KEM, KFA, and KFE 
(predictor variables), individually, after accounting for walking speed and KL score. The two-
tailed level of significance was set a priori at p≤0.05 and all analyses were performed using the 
Statistical Package for the Social Sciences (SPSS, version 25, IBM Corp., Somers, NY). 
Results 
Descriptive Outcomes 
 The demographics of the participants included in the study can be found in Table 1. No 
outliers were found for any demographic variables (Table 11), US outcome for any region (Table 
11), or biomechanical variable (Table 12).  
For the post hoc analysis, 12 of the 25 (48%) participants were classified as a CSA 
Decreaser, while 13 (52%) participants were classified as a CSA Increaser. Further, no 
significant differences were observed in any demographic variables (Table 11), US outcomes for 
any region (excluding %  in Total CSA, Table 11), or biomechanical variables between the 
CSA Decreaser and CSA Increaser groups (Table 12). Individuals classified as CSA Decreasers 
demonstrated more negative %  in Total CSA compared to CSA Increasers, however there were 
no between-group differences for any other US outcome (Table 12). 
Associations between Walking Biomechanics and Ultrasonographic Outcomes for Entire Cohort 
 After accounting for walking speed and KL score, greater peak KFA significantly 
associated with greater resting EI for the total (R2=0.122, =0.356, p=0.043) and medial 
(R2=0.229, =0.487, p=0.003) regions of the femoral cartilage. All other biomechanical 
variables did not significantly associate with resting CSA or EI for any other region of the 
femoral cartilage (Table 13). 
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 After accounting for walking speed and KL score, there were no significant associations 
between any of the biomechanical variables and percent change in CSA or EI for any region of 
the femoral cartilage (Table 13). 
Post Hoc Analysis: Associations between Walking Biomechanics and Ultrasonographic 
Outcomes for the CSA Decreaser and CSA Increaser Groups 
 For the CSA Decreaser Group, after accounting for walking speed and KL score, greater 
peak KFA significantly associated with greater resting EI for the medial (R2=0.214, =0.467, 
p=0.030) region of the femoral cartilage. Additionally, greater peak KFA significantly associated 
with greater resting CSA for the lateral (R2=0.163, =0.409, p=0.047) regions of the femoral 
cartilage. All other biomechanical variables did not significantly associate with resting CSA or 
EI for any other region of the femoral cartilage (Table 14). 
 For the CSA Decreaser group, after accounting for walking speed and KL score, greater 
INST-LR significantly associated with greater deformation (i.e. more negative %  in total CSA) 
of the medial femoral CSA (R2=0.291, =-0.970, p=0.005, Table 14). Conversely, greater 
INST-LR significantly associated with lesser deformation (i.e. less negative %  in total CSA) of 
the lateral femoral CSA (R2=0.413, =1.154, p=0.020, Table 14). All other biomechanical 
variables did not significantly associate with percent change in CSA or EI for any other regions 
of the femoral cartilage (Table 14). 
For the CSA Increaser group, after accounting for walking speed and KL score, greater 
KEM significantly associated with lesser resting CSA for the total (R2=0.266, =0.612, 
p=0.005) and medial (R2=0.378, =0.730, p=0.002) region of the femoral cartilage. 
Additionally, greater peak KFA significantly associated with greater resting EI for the total 
(R2=0.279, =0.540, p=0.042) and medial (R2=0.286, =0.547, p=0.044) regions of the 
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femoral cartilage. Further, greater peak KFA significantly associated with lesser resting CSA for 
the medial (R2=0.232, =-0.493, p=0.030) region of the femoral cartilage. Finally, greater KFE 
significantly associated with lesser resting CSA for the total (R2=0.166, =-0.455, p=0.044) 
region of the femoral cartilage. All other biomechanical variables did not significantly associate 
with resting CSA or EI for any other region of the femoral cartilage (Table 15).  
For the CSA Increaser group, after accounting for walking speed and KL score, there 
were no significant associations between walking biomechanics and percent change in CSA or 
EI for any region of the femoral cartilage (Table 15). 
Discussion 
 Contrary to our hypothesis, greater peak KFA associated with greater EI in the total and 
medial regions of the femoral cartilage. Additionally, we did not detect significant associations 
between walking biomechanics and percent change in CSA or EI following the treadmill walking 
protocol. As a part of an exploratory analysis, in individuals classified as CSA Decreasers, 
greater peak KFA significantly associated with greater resting EI in the medial region of the 
femoral cartilage and greater resting CSA for the lateral femoral cartilage. Additionally, greater 
INST-LR significantly associated with a more negative percent change in medial CSA, as well as 
a less negative percent change in lateral CSA in the femoral cartilage in the CSA Decreaser 
group. In individuals classified as CSA Increasers, greater peak KEM significantly associated 
with lesser resting CSA for the total and medial regions of the femoral cartilage. Further, greater 
peak KFA significantly associated with greater resting EI for the total and medial regions, as 
well as lesser resting CSA for the medial region in the CSA increasers group. Finally, greater 
KFE significantly associated with lesser resting CSA for the total region of the femoral cartilage 
in the CSA increasers group. This is the first study to demonstrate a significant association 
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between walking biomechanics and US outcomes at rest, as well as following a treadmill 
walking protocol, that may relate to cartilage health in individuals with symptomatic knee OA. 
The results of the post hoc analysis demonstrated that the relationship between walking 
biomechanics and US outcomes of femoral cartilage is complex and there may be high individual 
variability in how each person’s cartilage responds to walking.    
 The association between greater KFA and greater resting EI of the total and medial 
femoral articular cartilage suggests that alterations in the location of tibiofemoral contact 
characteristics during walking may contribute to harmful alterations in the composition of the 
cartilage in individuals with knee OA. The US technique used in the current study evaluated a 
single portion of the anterior femoral cartilage that is hypothesized to articulate to the sulcus 
located between the patellofemoral and tibiofemoral weight-bearing regions of cartilage.113 
Previous research demonstrated that individuals with knee OA walk with a stiffened-knee gait 
(i.e. reductions in KFE23,112,169 and KEM7,68), which may influence deleterious changes to the 
tibiofemoral cartilage that further the progression of knee OA.2,148 However, previous research 
has also demonstrated that activities that require higher KFA (i.e. stair climbing, squatting) elicit 
greater patellofemoral contact forces.163 Due to the location of the region of cartilage being 
assessed in the current study, it is possible that the composition of this cartilage may be related to 
greater KFA due to greater contact forces. Further, as greater KFA associates with greater 
patellofemoral contact forces during physical activity,163 this could explain the relationship 
between greater KFA and greater EI in cartilage that may be influenced by increased 
patellofemoral contact forces.   Future studies should evaluate biomechanics of the tibiofemoral 
joint, along with contact forces at the patellofemoral joint, in conjunction with the current US 
technique to better understand how alterations in peak KFA may negatively influence cartilage 
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health. However, novel US acquisition techniques are needed to assess cartilage further posterior 
in the tibiofemoral joint in order to better assess how alterations in KFA may influence cartilage 
throughout the joint in individuals with knee OA. 
The current study is, to our knowledge, the first to determine associations between 
walking biomechanics and US outcomes in individuals with symptomatic knee OA. However, 
previous research122 evaluated walking biomechanics and resting cartilage thickness using US in 
individuals with an anterior cruciate ligament (ACL) injury, who are at a heightened risk for 
developing posttraumatic knee osteoarthritis.98 Pamukoff et al.122 found that greater peak KFA 
significantly associated with thicker resting medial femoral cartilage following ACL injury. 
During the early stages of knee OA development, cartilage may become thicker26 prior to the 
degenerative process that leads to cartilage loss.84 While the current study did not observe 
significant associations between KFA and structural outcomes (i.e. resting CSA and %  CSA), 
we did observe a significant association between greater KFA and greater resting EI in 
individuals with symptomatic knee OA. Overall our findings, and those of others,122 suggest that  
alterations in KFA may be important in the development of both idiopathic and posttraumatic 
knee OA, as alterations in KFA can introduce variations in the location of force distribution 
during walking.4  Individuals can walk with greater amounts of peak KFA but still lack optimal 
KFE (i.e. lesser range of motion at the knee during walking).75 Specifically, these individuals 
demonstrate greater knee flexion at heel strike and maintain this high level of knee flexion 
throughout the stance phase of gait, which may be described as a crouching gait strategy.75 
Further, preliminary research demonstrated that walking with a crouched gait (i.e. greater peak 
KFA) produces greater contact forces within the tibiofemoral joint.165 Additionally, reductions in 
KFE can negatively influence the pattern of loading rate through the tibiofemoral23,112,169 and 
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patellofemoral joints40 during walking, which can lead to certain regions of cartilage undergoing 
loading for greater periods of time than previously accustomed. Therefore, optimizing sagittal 
plane biomechanics, such as increasing KFE, in individuals with knee OA may allow for the 
contact force during walking to be applied over a larger surface area within the tibiofemoral and 
patellofemoral joints. Previous research demonstrated that novel interventions strategies, such as 
quadriceps-focused strength training programs, are capable of eliciting changes in sagittal plane 
biomechanics in individuals with knee OA.29  Therefore, interventions aimed at optimizing 
sagittal plane kinetics and kinematics during walking may be useful in to maintaining long-term 
joint health and preventing harmful changes to the cartilage that may lead to knee OA 
progression. Further, the US technique used in the current study may provide a surrogate 
“cartilage health marker” that would allow for the assessment of acute changes to the cartilage in 
response to novel intervention strategies. 
 We observed a significant association between greater INST-LR and greater deformation 
(i.e. more negative percent change in CSA) for the medial femoral cartilage as well as lesser 
deformation (i.e. less negative percent change in CSA) for the lateral femoral cartilage for the 
CSA Decreaser group. Previous research in animal models has demonstrated that greater rates of 
loading may lead to the initiation39 of propagation71 of surface fissures in cartilage, which may 
increase the rate of progression of knee OA. Further, Mündermann et al.112 found that individuals 
with medial compartment knee OA demonstrate greater INST-LR compared to healthy matched 
(age, sex, height, and mass) controls. The participants in the current study were part of a larger 
study examining individuals with medial compartment knee OA (NCT04044612). It is possible 
that evaluating individuals with a diagnosis of medial compartment knee OA may have 
influenced the discrepancy in our findings for the associations between INST-LR and percent 
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change in CSA for medial and lateral compartments. Further, due to the diagnosis of medial 
compartment knee OA, the medial femoral cartilage in our participants likely sustained previous 
compositional changes to the cartilage (i.e. depletion of proteoglycans35,143,144 and 
disorganization of type II collagen116,171) that would reduce the ability of the medial cartilage to 
effectively respond to loading. Therefore, future studies should examine whether the location of 
knee OA may influence the associations between measures of impulsive loading (INST-LR) and 
the response of articular cartilage to loading (percent change in CSA). Additionally, walking 
speed was inserted into the regression model as a covariate and seemed to significantly influence 
the US measures evaluated in this study. Further exploration into the associations between 
walking speed and US outcomes within this group, with larger sample sizes, are needed to 
determine whether the findings of the post hoc analysis are related to the specific biomechanical 
variable of interest or the inclusion of walking speed as a covariate. 
 The current study provides a novel comparison of walking biomechanics and US 
outcomes in individuals with knee OA. However, there are limitations to this study that should 
be considered. The current US technique only allowed for the visualization of the anterior 
femoral cartilage articulated to the trochlea-condylar sulcus. However, as the central and 
posterior regions of the cartilage are likely to undergo the majority of loading during walking,4 
future studies should seek to develop novel US acquisition methods for visualizing the cartilage 
further posterior within the joint. During gait analysis, participants completed all walking trials 
shoed, yet we did not provide participants with footwear for the analysis. Participants were 
instructed to wear athletic shoes that would be comfortable for extended periods of walking. 
Different types of footwear may alter biomechanical outcomes and should be controlled for in 
future studies. Additionally, while US may provide valuable information about femoral cartilage 
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in individuals with knee OA, future studies should seek to perform similar analyses as those 
performed in this study with other imaging modalities, such as MRI. The current study evaluated 
individuals with varying levels of severity of knee OA (KL Score: 3.15  0.67). As walking 
biomechanics may differ based on severity of knee OA,7 future studies should evaluate these 
associations in studies with larger sample sizes and with an equal number of participants 
possessing each level of KL score. Finally, the post hoc analysis examined the associations 
between walking biomechanics and US outcomes based on a previously calculated MDC. 
However, the post hoc analysis revealed differences in these associations between the CSA 
Decreaser and CSA Increaser groups. Future studies should seek to evaluate these comparisons 
between these two groups with larger sample sizes to ensure statistical power is achieved. 
Further, evaluating these groups with larger sample sizes would allow for a more comprehensive 
exploration into the mechanisms of the decrease vs. increase response to the standardized 
walking protocol. Finally, the inclusion of walking speed as a covariate may have had a greater 
influence on the post hoc regression analysis compared to the primary analyses with the entire 
cohort, due to the potential implications of multicollinearity within the regression model. As 
such, the findings of the post hoc analysis should be considered preliminary and potentially 
hypothesis-generating; however future studies with appropriate sample sizes for Decreaser and 
Increaser subgroups are need to confirm the findings of the current study.  
Conclusion 
 The current study demonstrated significant associations between greater KFA and greater 
resting EI in the anterior cartilage of the femur in individuals with symptomatic knee OA. 
Further, in individuals who were classified as CSA Decreasers in the post hoc analysis, greater 
KFA significantly associated with greater resting EI of the anterior-medial cartilage and greater 
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CSA of the anterior lateral femoral cartilage. Additionally, greater INST-LR significantly 
associated with greater change in the medial femoral CSA, as well as lesser change in the lateral 
femoral CSA, following the 3,000-step treadmill walking protocol for the CSA Decreaser group. 
In individuals classified as CSA Increasers, lesser KEM and KFE significantly associated with 
greater resting CSA for the anterior total and medial regions of the cartilage.  Finally, in 
individuals classified as CSA Increasers, greater peak KFA significantly associated with greater 
resting EI in the total and medial regions of the femoral cartilage, as well as lesser resting CSA 
of the medial region of the femoral cartilage. Alterations in walking biomechanics that are 
commonly observed in individuals with knee OA associate with US outcomes that may relate to 
cartilage health. Further, these associations are complex and there may be high individual 















Table 11: Means  Standard Deviations for all Demographic and US Outcomes for the 
Entire Cohort, as well as the CSA Decreaser and CSA Increaser Groups 
Demographics 
 Entire Cohort CSA Decreasers CSA Increasers p-value 
N 27 (19 female, 8 
male) 
12 (7 Female, 5 
Male) 
13 (10 Female, 3 
Male) 
 
Age (years) 60.78  7.65 59.75  6.21 61.92  8.58 0.56 
Body Mass 
Index (kg/m2) 




3.15  0.67 3.25  0.62 3.08  0.76 0.54 
Walking Speed 
(meters/second) 
1.10  0.18 1.10  0.17 1.09  0.20 0.91 
WOMAC 
Function Score 
28.33  8.73 27.60  8.72 28.75  9.81 0.77 
Cross-Sectional Area US Outcomes 
Total Pre 
(mm2) 
83.78  24.57 86.43  22.47 81.37  25.80 0.44 
Total Post 
(mm2) 
83.47  25.36 79.68  23.12 86.03  26.55 0.61 
Total Percent 
Change (%) 
-0.35  7.79 -8.33  5.00 5.94  3.31 <0.001* 
Medial Pre 
(mm2) 
42.60  15.65 45.59  13.87 40.47  16.47 0.25 
Medial Post 
(mm2) 
43.06  16.61 42.56  15.52 43.90  17.60 0.96 
Medial Percent 
Change (%) 
0.93  13.07 -8.03  13.57 8.62  7.92 <0.001* 
Lateral Pre 
(mm2) 
41.17  11.61 40.65  11.78 40.91  11.53 0.81 
Lateral Post 
(mm2) 
40.47  12.24 37.23  11.80 42.13  11.72 0.26 
Lateral Percent 
Change (%) 
-1.21  9.52 -7.23  10.99 3.17  4.21 0.01* 
Echo-Intensity US Outcomes 
Total Pre (a.u.) 50.51  9.18 49.20  11.52 51.50  7.21 0.41 
Total Post 
(a.u.) 
50.67  8.72 49.75  11.04 51.26  6.95 0.50 
Total Percent 
Change (%) 
0.80  6.85 1.81  8.17 -0.25  5.29 0.49 
Medial Pre 
(a.u.) 
52.19  12.82 50.53  14.60 53.60  11.78 0.38 
Medial Post 
(a.u.) 
52.46  11.61 49.34  14.07 53.72  11.05 0.27 
Medial Percent 
Change (%) 
1.32  7.62 -1.32  12.98 0.66  7.04 0.72 
Lateral Pre 
(a.u.) 

























50.41  10.02 50.97  13.79 49.97  5.93 0.98 
Lateral Percent 
Change (%) 
0.81  8.44 3.62  10.22 -1.13  5.74 0.27 










Table 12: Means  Standard Deviations for Walking Biomechanics of the 
Involved Limb for the Entire Cohort, as well as the CSA Decreaser and CSA 
Increaser Groups 
 Mean  Standard Deviation  
































7.03  4.16 8.39  5.41 6.76  4.22 0.41 
*indicates a significant difference between CSA Decreaser and CSA Increaser group 





Table 13: Associations between Walking Biomechanics and US outcomes after Accounting for 
Walking Speed and KL Score  
 vGRF INST-LR KEM KAM KFA KFE 




































































































































































































































*indicates significant association (p0.05) 
CSA: femoral cross-sectional area, EI: femoral echo-intensity, vGRF: Vertical Ground Reaction Force, 
INST-LR: Instantaneous Loading Rate, KEM: Knee Extension Moment, KAM: Knee Abduction 





Table 14: Associations between Walking Biomechanics and US outcomes after Accounting for 
Walking Speed and KL Score in Individuals Classified as CSA Decreasers 
 vGRF INST-LR KEM KAM KFA KFE 




































































































































































































































*indicates significant association (p0.05) 
CSA: femoral cross-sectional area, EI: femoral echo-intensity, vGRF: Vertical Ground Reaction Force, 
INST-LR: Instantaneous Loading Rate, KEM: Knee Extension Moment, KAM: Knee Abduction 





Table 15: Associations between Walking Biomechanics and US outcomes after Accounting 
for Walking Speed and KL Score in Individuals Classified as CSA Increasers 
 vGRF INST-LR KEM KAM KFA KFE 
















































































































































































































































*indicates significant association (p0.05) 
CSA: femoral cross-sectional area, EI: femoral echo-intensity, vGRF: Vertical Ground Reaction 
Force, INST-LR: Instantaneous Loading Rate, KEM: Knee Extension Moment, KAM: Knee 
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